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Abstract: The solar photovoltaic (PV) cell is a prominent energy harvesting device that reduces the
strain in the conventional energy generation approach and endorses the prospectiveness of
renewable energy. Thus, the exploration in this ever-green field is worth the effort. From the power
conversion efficiency standpoint of view, PVs are consistently improving, and when analyzing the
potential areas that can be advanced, more and more exciting challenges are encountered. One such
crucial challenge is to increase the photon availability for PV conversion. This challenge is solved
using two ways. First, by suppressing the reflection at the interface of the solar cell, and the other
way is to enhance the optical pathlength inside the cell for adequate absorption of the photons. Our
review addresses this challenge by emphasizing the various strategies that aid in trapping the light
in the solar cells. These strategies include the usage of antireflection coatings (ARCs) and light-
trapping structures. The primary focus of this study is to review the ARCs from a PV application
perspective based on various materials, and it highlights the development of ARCs from more than
the past three decades covering the structure, fabrication techniques, optical performance, features,
and research potential of ARCs reported. More importantly, various ARCs researched with different
classes of PV cells, and their impact on its efficiency is given a special attention. To enhance the
optical pathlength, and thus the absorption in solar PV devices, an insight about the advanced light-
trapping techniques that deals with the concept of plasmonics, spectral modification, and other
prevailing innovative light-trapping structures approaching the Yablonovitch limit is discussed. An
extensive collection of information is presented as tables under each core review section. Further,
we take a step forward to brief the effects of ageing on ARCs and their influence on the device
performance. Finally, we summarize the review of ARCs on the basis of structures, materials, optical
performance, multifunctionality, stability, and cost-effectiveness along with a master table
comparing the selected high-performance ARCs with perfect AR coatings. Also, from the discussed
significant challenges faced by ARCs and future outlook; this work directs the researchers to
identify the area of expertise where further research analysis is needed in near future.

Keywords: antireflection coatings (ARCs); fabrication techniques; light trapping structures;
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1. Introduction

Light is an indispensable element in this colorful world, supporting both flora and fauna in every
aspect. It is regarded as clean and renewable energy that also acts as a sustainable source of energy
for the Photovoltaic (PV) cells. When light strikes the surface of an object, it gets reflected from the
boundary between air and the surface of the object with different intensities. In the domain of
photovoltaics, reflection becomes undesirable when light strikes the silicon wafer, and it adversely
affects the availability of light for photovoltaic conversion. In general, a polished silicon surface
would reflect more than 35% of incident light [1]. The maturation of effective light management
strategies involving antireflection coatings and light-trapping structures has helped to enhance the
performance of solar PV cells [2].

Antireflection coatings (ARCs) are predominantly utilized to suppress the Fresnel reflection
losses when light propagates from one medium to another medium. Presently, there are two main
strategies to achieve the antireflection effect: one is by depositing thin films such as a single-, double-
, and multi-layer films on the substrate and the other strategy incorporates a graded refractive index
(GRIN) coatings with the aid of porous and nanostructured arrays such as moth-eye structures [3-5].
The thin-film coating reduces the reflection occurring at different films through the destructive
interference principle. Analyzing the optical properties and the mechanical stability of various anti-
reflective (AR) thin-film coating configurations with different materials is crucial for obtaining a valid
and high-performance antireflection coating. The latter approach of index matching reduces the
reflection by progressively reducing the film refractive index from the index of refraction of the air
to the index of refraction of the substrate, ensuring the maximum transmission of light. Also, the
antireflection property is obtained by surface modification such as texturization [6-8]. By these
methodologies, the light available for PV conversion can be significantly enhanced, and the outcome
of which the performance of the solar cells is enhanced.

Nature has its way of developing antireflection properties in species by the process of evolution.
The compound eyes of the insects like butterflies and moths possess a subwavelength structure (SWS)
that remarkably imparted the antireflection effect on their corneal lens surface [9,10]. Similarly,
natural structures having the potential to offer anti-reflectivity are found on the surface of the
creatures, such as wings of cicadas, butterflies, and some marine organisms [11-15]. These SWSs
provide varying refractive indexes from the air to the substrate, resulting in smooth propagation of
the light such that reflection loss is close to zero. These biological structures paved the way for the
development of state-of-art biomimetic antireflective coatings [16,17]. Also, these structures are
robust, possess mechanical stability and durability owing to their geometric morphology and
homogeneity of materials [4,6]. Extensive research had been carried out in this area, and various
Gradient Refractive index (GRIN) nanostructures have been researched to improve the transmittance
and to enrich the efficiency of photovoltaic power conversion [18-20]. The GRIN configuration is
reported in many structures such as nanopillar [21,22], nanowire [23], nanorods [24,25], nano-cone
[26,27], nanopyramid [28], and nanotip [29], and these structures are fabricated with a wide range of
materials such as silicon, silicon dioxide, metal, metal oxides, polymers and even composites
materials. Although these AR coatings exhibit high-performance in broad wavelength and possess
omnidirectional antireflective qualities, the fabrication of such structures requires tedious efforts and
still faces many problems. There exists a gap between durability and affordability owing to the
limitations of fabrication procedures. Also, high optical performance is obtained only with the
tradeoff between these factors. Hence, exploiting simple, cost-effective methodologies to fabricate
such structures exhibiting high optical performance is the need of the hour.

The efficiency of the commercial crystalline silicon solar cells ranges between 12% and 19% and
is expected to reach 20 to 23% by 2025 [30,31]. The PV technology is heading towards third-generation
solar PV cells and most of solar panels in the market possess ARCs either on the PV device or on the
glass cover. Hence, enhancing the optical performance of the ARC is very much essential to support
the developments that are taking place in solar PV cells. However, with ageing and constant exposure
to fluctuating environmental conditions, there exists a deterioration in the optical properties and the
durability of the ARC [32,33]. Thus, research efforts are required to address the issues, and this review
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manuscript would highlight the existing solutions and provide a path to identify the potential areas
where research efforts are required for further development.

Heretofore, some review works on antireflection coatings have been published [34-42], and
Table 1 presents the outcome and future direction of research provided by various review works. The
identified grey areas from the existing review works are as follows (Note that each work lacks only
some of the topic mentioned below):

¢ Only commonly used ARC materials are reviewed.

e Analysis of the stability, durability, and environmental aspects of ARCs.

e AR coating’s influence on the performance of the solar cells.

e AR coating’s compatibility with solar cells and ageing effect.

e  Impact of multifunctional coatings, Carbon Nanotube (CNT) coatings on solar cells.
e  Environmental influence on the performance of bio-inspired coatings.

In this review work, we mainly focus on the developments in ARC materials over the past three
decades from a PV standpoint and address most of the grey areas listed above. The outcome of this
review work is as follows:

e  Basic concepts of antireflection and strategies to achieve the same.

e  Antireflective structures and surface analysis.

e Insight about state-of-art fabrication techniques used for various ARCs.

e A detailed review of antireflection coatings on the basis of various materials used covering the
structure, fabrication methods, performance, features, and research potential.

e  Coatings on PV cells and their influence on PCE.

e  Novel light trapping techniques dealing with plasmonics, spectral modification, and innovative
light-trapping structures approaching the Yablonovitch limit

e  The ageing effect, the current status of AR technologies, best prospective coatings, challenges,
and prospects.

Our review work mainly consists of ten sections. In the first section, the necessary background
for understanding antireflection is discussed. The following section deals with antireflection coating
structures and surfaces briefly. Then, the basics of various state-of-art fabrication techniques of ARCs
are discussed. The proceeding fifth section contains a brief review of antireflection coating
technologies based on various materials used. It covers material categories such as silicon-based,
metal-based, polymer-based, composites, and other advanced materials. The table given under each
mentioned material categories would give a crux of each research work considered along with
suggestions for further development. The succeeding section elucidates the various antireflection
coatings that are currently researched with different classes of PV cells and their impact on efficiency.
Then, some advanced strategies used for trapping the light and increasing the optical pathlength in
the solar cells are covered, which deals with the concept of plasmonics, spectral modification, and
other potential innovative light-trapping structures having an absorption approaching Yablonovitch
limit. Also, the ageing effect of ARCs and their impact on the PV device is briefed. Then, a crucial
discussion is provided to summarize the developments that occurred in ARCs, and further, the best
prospective coating is analyzed. The final section lists the significant challenges faced by ARCs, and
the prospects are presented, accompanied by the conclusion. Regarding review methodology,
research work for the past 30 years providing sufficient data of either reflectivity or transmittance in
the observed wavelength range only is considered.
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Table 1. Various review works on antireflection coatings.
YOP Title of the Review Work Outcome Provided Future Direction of Research Reference
2020 A re.view of anti-reflect.ion and self-cleaning Applicat.ion of AR .Coatings on PV, various methods of Provided only the review of existing ARCs [34]
coatings on photovoltaic panels preparation, material and surface aspects
1f-cleani d antireflecti ti f 1
Recent developments in multifunctional Self-c eaIng an. a.m {retiective coatings for SO, al,ﬂ Polymeric AR and self-cleaning coatings
. . panels with their light transparency characteristics, )
2019  coatings for solar panel applications: A . .. developed using aqueous methods. [35]
. surface morphology, electrical conductivity, and . )
review . Smart hybrid coatings
wettability
The performance of bioinspired AR materials .
. L. . Natural novel structures, materials, and
. . . . Advantages, disadvantages, and limitations of various .
Ascendant bioinspired antireflective manufacturing technidues fabrication
2019  materials: Opportunities and challenges . § techimq . Investigating a cost-effective, facile [36]
. Practical applications of ARC with nanostructures . ; .
coexist industrial method to prepare nano/micro-
array structured ARCs
Challenges and opportunities of bio-inspired ARC
Incorporation of CNTs into PV cell PCE comparison with allotropes of carbon
Highly efficient antireflective and self- Fabrication techniques for antireflection and self- and CNTs
2016  cleaning coatings that incorporate carbon cleaning coatings that include CNTs CNT-polymer composites as electrode [37]
nanotubes (CNTs) into solar cells: A review Developments in AR and self-cleaning coatings Exploring in detail the optical characteristics
involving CNTs of SWCNTs and DWCNTs
Development of bionic antireflective structures
. . . . . Fabrication techniques and the antireflective Optimization of materials performance
Antireflective surface inspired from biology: . L . .
2016 A review properties of bio-inspired structures Environment-friendly and cheaper [38]
The challenge and prospects involved in bio-inspired fabrication technology
structures
Concepts of AR and self-cleaning coatings Surface formation mechanism and the
Superhydrophobic surfaces with B;i)efi;i ;:R surfaces with superhydrophobic 1(5;)11:11,[};(());ist}il(i)n,a ic;lcstil;re, and properties
2016  antireflection properties for solar prop P Y [39]

applications: A critical review

Mechanism and fabrication pathways of
superhydrophobic and antireflective coatings
Challenges and future prospects

Exploring cost-effective fabrication
techniques for preparing high mechanical
strength, abrasion-resistant ARCs
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2014

2011

2010

Recent progress in antireflection and self-
cleaning technology —From surface
engineering to functional surfaces

Anti-reflective coatings: A critical, in-depth
review

Anti-reflecting and photonic nanostructures

The basic principle, fabrication strategies and material
aspects of self-cleaning AR coatings

The practical applications of self-cleaning ARCs with
future development

Strategies adopted for attaining antireflection and
types of ARCs

Various fabrication methods and materials used
Challenges in AR coatings

Structure and surface analysis of ARCs

Design and construction of photonic nanostructures
Material aspects and future trends of ARC

e Theoretical simulation to reveal the

fabrication mechanism and to relate
composition, structure, and properties

e Environmental issues-oriented research for

ARCs

Research towards decreasing the gap
between affordability and durability

Antireflection coatings on deformable
substrates and the application of CNTs

[40]

[41]

[42]
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2. Framework

Tons of data and efforts are required in building-up a review work on any expertise of research.
Hence, the authors together discussed and made sure the topics that are to be covered in this study.
Then, the sequence of execution for collecting the data on decided topics is framed. Initially, the
works related to antireflection coatings are identified by using keyword searches across the various
journal and publisher platforms such as Elsevier, Google scholar, and IEEE. A lot of work is revealed,
and the initial screening is done by analyzing the title of the work. By doing so, a total of around 3300
were works identified, and then the subsequent scrutinizing works were carried out. Qualified
information for the core area of study (ARC materials and ARCs on PV) is first scrutinized, and then
the particulars for the remaining section is investigated. The first scrutinizing stage involves filtering
the identified works with the information provided in the abstract and the conclusion. The second
scrutinizing stage involves scanning for specific pre-decided data, and this data may vary from topic
to topic. After this, the third scrutinizing stage is accomplished by skimming the whole content of the
filtered work. Now, the filtered work is investigated for novel methods, results, prospects and is
decided whether the work is to be reviewed in our study or not. Novel materials, innovative methods,
and high performance blended with cost-effectiveness are some criteria required for a work to be
considered for review in our study. Some scrutinized work contains or proves salient concepts, and
research information suitable for supporting the review process is also considered. These are the
process incorporated for the finalization of the filtered work, and thus, each finalized work is either
used for reviewing or for supporting the review. The flow diagram of the literature survey process
and the sequence of the manuscript work is represented in Figure 1. For instance, searching with the
keyword “antireflection coatings (ARCs)” on google scholar would yield thousands of articles
(73,600). For a sub-section, Silicon-based antireflection coatings, the initial screening is executed by
analyzing the title containing silicon-based ARCs. The first scrutinizing stage is carried out with the
information extracted from the abstract and conclusion. Then, transmittance or reflectance data in an
effective wavelength range is scanned to accomplish the second stage of scrutinizing. For the third
stage, the entire content of the filtered work is skimmed to grasp the content, after which the
finalization is done by the parameters mentioned earlier.

Apart from the core area of review, other sections in our study are required for supporting the
core review area. Thus, the scrutinization and subsequent finalization process for these sections were
aimed to provide crystal-clear conceptual knowledge that would help in interpreting the information
presented in the core review section. As a whole, we have identified around 4100 works after initial
screening from which, almost 1850 works have been scrutinized (stage 1). After the scrutinization
process (stage 2 & 3), the filtered work was about 555. Then, the subsequent finalization process
yielded a total works of 407, which include 371 research works from various reputed journals, 25
review works, 3 online sources, and 8 conference proceedings.
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Figure 1. The framework of the study.

3. Theory of Antireflection

The reflection is an optical phenomenon that prevails when the light suddenly interfaces another
medium resulting in a change of direction of the wave-front. The characteristics of a transparent
medium are described by an optical parameter, known as a refractive index, which usually relates
the light speed in the propagating medium and light speed in the vacuum. When there is an upheaval
in the index of refraction, an optical interruption is produced, meaning, a small part of the incident
light is diverted in the form of reflection (ignoring the scattering and absorption effects), and this
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phenomenon is termed as Fresnel reflection loss. The fragment of light rays that are bounced back is
known as reflectance (R), while the remaining transmitted light is termed as transmittance. And the
refractive index is the dominating guiding variable that is responsible for determining the degree of
light transmittance through the medium.

The principle behind the antireflection coating can be perceived from a single dielectric thin film
with a refractive index, n lower than that of the substrate having a refractive index, ns (i.e., n < ns).
This thin film configuration has two interfaces, causing the emergence of two reflected waves, as
represented in Figure 2a. When these two reflected wave-fronts are completely out of phase,
destructive interference takes place, canceling out both the rays entirely and thus enhancing the
transmittance. The requirements for eliminating the reflected waves are: (i) The two reflected waves
must be exactly 180 degrees out of phase and should be of the same intensity after reflecting at two
interfaces. (ii) The film depth should be an odd number multiple of one-fourth of the incident beam
wavelength (A/4) [41].

The equation governing the reflectivity at normal incidence is as follows,

2
(nons — n?)

(nons + n?)

(M

The single-layer coatings are useful only in the narrow wavelength range. The stacking of
multiple layers of the thin film is proven to enhance the optical performance of the coating in a broad
wavelength range with low reflectivity and also in a wide range of incident angles. The principle
remains the same for the multi-layered antireflection coatings, but the mathematical model used in
this case involves a vector analysis of the reflected individual rays. As represented in Figure 2b the
light reflected from the juncture of the two layers, i and j (assuming there are no losses) is provided
in the equation as follows [36]:

Rij = |Ryj| exp [-2(5; + 8))] 2)

where |Ruul = [(ni — nj)/(ni + nj)] and 8; = 2mn;d;cos 6;/A (di, 6 and A are the optical film thickness,
the angle of refraction and wavelength of the light respectively.) Then, the total reflectivity (Rsum) is
obtained by integrating reflectance at the interface of each layer, which is expressed as:

Rsum = Ro1 + Ri2+ R23 + ... + Rns 3)

(a)

Roi  Riz  Raz Ras Ry
A A A A A
7 / 4 7 4
. P F Vi /’ /
Air, nair « 4 e ¥

Thin Film, n

Na

Substrate, ns
Nsubs, Substrate

Figure 2. Schematic illustration of diffusion of light in (a) single layer film (ns> 1) and (b) multiple
layer film.

Thus, the Rsum can be reduced by optimizing the index of refraction and optical film thickness
appropriately to produce an antireflection effect [36].
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3.1. Methodology to Achieve Antireflection

Antireflection can be provided to a substrate in many ways: (i) Stacking layers of different
refractive index, (ii) Imparting porosity to the coating material, (iii) Texturing the surface, (iv)
Gradient refractive index film. The stacking of films yields a moderate reduction in reflectance at a
specific wavelength range, and as the number of films increases, the suppression of reflection loss
can be obtained in a broad wavelength region. However, adhesion issues between the substrate and
abutting film or within the layers of coatings due to thermal coefficient difference give rise to de-
bonding problems causing instability.

Different fabrication methods can impart porosity, and the index of refraction is influenced by
the fraction of the volume of the air and material. For instance, porous silicon is a sponge-like material
having nano-voids within it. The index of refraction of porous silicon is reduced by increasing the
porosity of the material and vice-versa. Porous ARCs are discussed further in Section 4.2.1. Textured
surfaces having the space of the array lesser than the target wavelength and height being a fraction
of the wavelength is suitable for AR application. Texturization can be established in both substrate
and film surfaces. Another approach to lower the reflectance is to provide a gradually decreasing
refractive index in the film. This gradual decrease in the refractive index of the film can be obtained
by varying the density [43]. Such a configuration is known as a GRIN structure, and the degree of
change in the index of refraction follows different profiles.

3.2. Requirements for Perfect Antireflection Coatings

Broadband anti-reflectivity: The ARCs must exhibit the AR properties in a reasonable
wavelength range. In particular applications, it is desirable that ARCs should cover a broad
wavelength region, including Ultra Violet (UV) region or near-infrared region.

Omnidirectional anti-reflectivity: Glasses and plastics possess a refractive index of about 1.5 and
exhibit a 4% reflectance at normal incidence, but at grazing angles, it reaches up to 100%. Similarly,
antireflection coatings also exhibit such a phenomenon, and many coatings yield excellent AR
properties mostly within the incident angles from 30° to 60° [44,45]. Thus, Omni-directional anti-
reflectivity is a critical characteristic that needs to be optimized.

High stability: ARCs should have a good bonding with the substrate surface and should be inert
to the operating environment with excellent stability.

Multifunctionality: ARCs on the PV cell primarily helps to lower the reflection loss. Contrarily,
the self-cleaning properties imparted to it owing to hydrophobicity can also help to solve the problem
of dust accumulation. Thus, multifunctional ARC is a promising direction of research in the AR
coating’s area of expertise.

Polarization sensitivity: It is also required to analyze the effect of s- and p- polarized light on AR
coatings. The s-polarization has an electric field oriented perpendicular to the incident plane, whereas
the p-polarization has the incident plane parallel to the electric field. In applications such as antiglare
coatings (AGCs), polarization plays a significant role.

Cost: Apart from having all the desired properties, the low cost of production makes it more
appealing. Figure 3 represents the different criteria for perfect anti-reflection coatings.



Energies 2020, 13, 2631 11 of 98

Broadband
Anti-
reflectivity

/ Omni-

directional
antireflectivity

/ Perfect
Antireflective

Coatings

sesnsitivity stability

/Polarization ) / High

Multi-
functionality

Figure 3. The various criterion for perfect antireflection coatings (ARCs).
4. Antireflection Coating Structures and Surfaces
4.1. Antireflection Coating Structures

4.1.1. Single-Layer Coating (SLARC)

It involves an application of a single layer film on the substrate to reduce the Fresnel reflection
loss. SLARC is restricted to the required refractive index of the available materials. For instance, an
antireflective coating on a substrate like glass and transparent plastic having an index of refractive of
about 1.5 would require a film material with an index of refraction of 1.22 with quarter wavelength
thickness. Unfortunately, materials with a lesser than or equal to the index of refraction of 1.22 are
scarce, and usually, such a low refractive index is obtained by stacking of multiple layers. Only
magnesium fluoride possesses such low refractive index (n = 1.38) and the utilization of which
reduced the reflectance from just about 4% to almost 1.3% at a particular wavelength range as
depicted in Figure 4. Even then, achieving zero reflectance with a single layer is impractical.
Generally, a SLARC is utilized for a moderate reduction in reflection to about 2.5% at normal
incidence for a wide spectral range from 450-1100 nm [41].

5 T T T
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4 =
£
o 3F (b 1
(]
5
S 2} (a) 1
()]
T
¢ | (c)/]
0 1
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Wavelength (nm)
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Figure 4. Comparison of reflectance of (a) SLARC (b) DLARC (c) Three-layer ARC. Reprinted with
permission [42]; 2010, Elsevier.

4.1.2. Double Layer Coating (DLARC)

DLARC employs two layers of the same or different thicknesses on the substrate to achieve
antireflection property. The condition for obtaining zero reflectance using double-layer AR coatings

of equal film thickness is % = % where the 11 and 12 correspond to Refractive Index (RI) of two
2 s

layers, 1s is the substrate refractive index, and #ois the RI of air which is unity [46]. In general, when
a typical DLAR coating is used, the effective reflectance decreases significantly and approaches zero
at the target wavelength and then increases gradually, thus exhibiting a V-shaped reflectance curve
in the analyzed spectral range. Hence, DLAR coating is also described as V-coating. Double layer
coatings are incredibly suitable for laser applications that demand minimal reflection at the emitted
wavelength. Vicente et al. fabricated 5iO2/TiO: double-layer ARC by sol-gel technique on solar glass
covers. The optimized film exhibited a transmittance value of 0.964, and the maximum transmittance
of 0.993 is achieved at 600 nm [47].

4.1.3. Multi-Layer Coating

A double-layer structure can effectively reduce the reflectance at the desired wavelength, but at
either portion of the spectrum from the target wavelength, the reflectivity sometimes increases even
higher than a single layer ARCs. Thus, multiple layers are employed for reducing the effective
reflectance at a broad wavelength range. Figure 4 shows the comparison of reflection loss of SLARC,
DLARC, and multiple-layer ARCs. Thus, multiple layers of AR coating are used, especially for
attaining broadband anti-reflection. The overall reflectivity and larger bandwidth are often
contrasting to one another and are the main challenge facing us. Bouhafs et al. designed and
deposited various AR coatings such as Ta20s, ZnS single layer ARCs, MgF2/ZnS double-layer, and
MgF>/Al2Os/ZnS triple-layer ARCs on Si substrate using electron beam and thermal evaporation
techniques [48]. The ZnS coating is observed to be more transparent than Ta:0s in the short
wavelength region. The reflectance for MgF>/ZnS DLARC is 9.1% and 0.58% at 500 nm and 1000 nm,
whereas for MgF2/Al:Os/ZnS triple-layer ARCs it is 5.8% and 0.88% at 500 nm and 1000 nm,
respectively. This shows the broader low reflectance in the multi-layer coating.

4.1.4. Gradient Refractive Index (GRIN) Coating

The GRIN coating can be assessed as the next generation of single-layer AR coatings which
eliminates the limitations such as AR effectiveness at only a narrow wavelength range and normal
incidence. A sequence of layers having a refractive index changing gradually at each step constitutes
gradient refractive index coating. Alternatively, an inhomogeneous film of monotonically varying
refractive index is preferred, and also it serves as a broadband anti-reflective coating. Different
profiles of gradient RI layers have been proposed for omnidirectional and broadband AR coatings,
which include linear, parabolic, cubic, gaussian, quintic, exponential, exponential-sine, and
Klopfenstein [42,49-55]. Linear index profiles can be achieved easily on silicon or quartz substrates.
A study reported SiNx films having a linear index profile as an antireflection coating with low
reflectance in the near infra-red and visible regions for a wide incidence angle [56]. The typical
expressions for GRIN coatings with linear, cubic, and quintic profiles [42,51] are as follows:

Linear index profile:

n=ny+ (ng— nglt,0<t<1 4)
Cubic index profile:
n =ngy+ (ng — ng)(3t? — 2t3) (5)

Quintic index profile
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n=mny+ (ng —ng) t (103 — 15t* + 6t°) (6)

where no and ns are the refractive indexes of incident and substrate media,  is the optical film
thickness of gradient R, respectively. Figure 5a shows the variation of RI with thickness for linear,
cubic, and quantic-gradient index profiles. The calculated reflectance of linear, cubic, and quantic
GRIN profiles are shown in Figure 5b, and Figure 5c represents the variation of reflectance to the
different incident angles. Xi et al. [57] reported a GRIN ARC with a linear, cubic, and quintic index
profile and found that a quintic profile is the most exceptionally performing AR profile.

(a)

20-
1.8
16-
14-
12-
1.0-

Quintic-index profile

Linear index profile

Refractive index, n

Cubic-index profile

0 02 04 08 0.8
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(

o
—

-
=

Linear profile

105 SAAZ”
i [/~ Cubic profile —
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Quintic profile | eeeea

Reflectivity, R (%)
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(

(2]
—

Cubic profile
Linear profile

- ~ ’/’I’

3 == aly;
1024 R

Quintic profile

Reflectivity, R (%)

0 20 40 60 80
Incident angle, 6 (9)

Figure 5. Comparison of various index profiles for gradient RI coating. (a) Variation of refractive
index of linear, cubic and quantic -index profiles as a function of thickness (b) Variation of reflectance
with respect to wavelength for linear, cubic and quantic-index profiles at normal incidence. (c)
Variation of reflectance with respect to incident angle for linear, cubic and quantic-index profiles at
632.8 nm wavelength. Reprinted with permission [42]; 2010, Elsevier.

When analyzing the limitations of GRIN structures, the index matching of the film to the
refractive index (RI) of air and substrate is a tedious job. Moreover, it is practically impossible to
achieve the RI of the film at the film-air interface as unity. Gradually varying RI can be obtained by
reducing the packing density of the film. However, even then, perfect index matching is not possible,
and this would lead to some optical losses. Further, reducing the packing density along the film
thickness would trade-off mechanical robustness and durability.
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4.2. Antireflection Coating Surfaces

Antireflection characteristics can also be obtained in light of the material’s topography. The
surface of substrate material mixed with air on a subwavelength scale [58] would exhibit
antireflection property such as porous or textured surfaces. Various physical or chemical processes
can fabricate these textured and porous surfaces. Specific sub-wavelength structures (SWS) were
inspired by natural structures, like moth-eye or cicada’s wings [59,60]. Researches on these surfaces
for antireflection coatings are reported to be active and this remains a promising area of research. In
this section, the different surfaces imparted in ARC are discussed.

4.2.1. Porous Layers

Numerous researches have been undertaken in this area, especially in porous silicon, and the
application of nano-porous film as an antireflection coating had been established, followed by the
evolution of etching techniques [61,62]. The essential requirement is that the size of the pore should
be much smaller when compared to the wavelength of the light, and the Refractive index (RI) of the
nano-porous film is obtained by averaging over the whole surface. Porous single-layer and GRIN
films have been fortunately fabricated by the chemical etching process on the substrate and are
refined by subsequent heat treatment processes. The film thickness and the density of the porous
material is the vital factor that imparts the gradient RI and influences the overall RI of the film. This
factor can be supervised by altering the fabrication parameters. Also, the porous film would provide
a minimal reflectance feature about a wide-angle of incidence [63,64]. In a study by Steiner’s group,
a high-performance broadband antireflection coating is obtained by using nanophase-separated
polymer films and by precisely varying the volume fraction, the RI ranging from 1.2 to 1.05 is
obtained. The prepared film exhibited an excellent AR property with an average transmittance of
99.7% in the wavelength span of visible light [65].

4.2.2. Biomimetic Photonic Nanostructures

The SWS in a periodic arrangement acting as an AR surface was first discovered in the night-
flying moth’s eye by Bernhard in 1967 [59]. Researchers have successfully replicated the moth-eye
structures on a glass substrate with lithographic techniques [60]. The AR structure of the moth-eye
consists of an outer surface having sub-micron height and spaced nipple arrays. Therefore, the index
of refraction varies progressively between air and substrate, actively suppressing the reflection at the
juncture of two media. The reflectance of such structure depends on the spacing between the arrays,
the effective height of the nanostructures, and the wavelength. In an ideal case, AR for broad
bandwidth can be obtained through regulating the space as finer as possible and by increasing the
height. For replicating the nipple structures, three models were proposed having conical,
paraboloidal, and Gaussian-bell shapes [10,66], and it has been reported that parabolic shaped nipple
exhibited excellent AR performance at normal incidence. Also, a significant decrease of reflectance
takes place for nipples having greater width where they overlap at the base and is progressively
reduced when the height is increased. Moreover, SWS is reported to have excellent compatibility with
the PV substrate materials. Siddique et al. analyzed the role of random nanostructures of glass wing
butterfly for omnidirectional AR properties, and it is observed that these wing structures possess
irregularly distributed pillar arrays of random heights [11]. The transparent wing structures exhibited
remarkably low haze and excellent AR properties, even for large viewing angles. A detailed
discussion on biomimetic structure AR coating is produced in the referred review article [36,38].

4.2.3. Textured Surfaces

Surfaces having a texturization period lesser than the target wavelength and height being a
fraction of the wavelength is suitable for AR application [67-71]. Theoretically, if the wavelength of
the light is much larger than the spacing between the structures, then the textured surface can be
treated as layers with gradually changing RI (Figure 6¢,d), and the optical properties can be predicted
by utilization of effective medium approximation. If the wavelength of the light is shorter than the
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period between textured structures, the rays would undergo multiple reflections and get trapped
inside the crevices (Figure 6a,b). In this case, the optical properties are defined by geometry only, and
the numerical modeling is carried out with the help of a ray-tracing method [72]. By selecting proper
material and choosing an appropriate depth of texturing, efficient spectral absorber coating for solar
thermal conversion and photovoltaic applications can be designed. Textured crystalline silicon can
reduce the surface reflectance to ~ 10% [73] while it can be reduced to ~ 1% in textured amorphous
silicon [68,69]. These textured structures comprise of pillar arrays with diameters and the air gap
between them lower than the incident light wavelength and also with the height equal to or higher
than that of the wavelength of the light.

Reflected light

Incident light

(b)

(¢) (d)

Figure 6. (a) Light interaction with macrostructure. (b) Multiple internal reflections resulted due to
microstructure arrays. (c) Light interaction with nanostructure array. (d) Light interaction with GRIN
structure resulting in bending of light rays. Reprinted with permission [36]; 2019, Elsevier.

5. Fabrication Techniques for Antireflection Coatings

The fabrication methods are the crucial steps in which the desired properties can be modified by
varying the fabrication parameters. For a particular application, after selecting the material for an AR
coating, choosing the preparation method is vital. Fabrication of accurate structures, smoother
control, adaptivity, and cost-effectiveness are some considerable outcomes that a methodology
should possess. In general, the fabrication techniques are classified as a bottom-up approach and a
top-down approach under conventional techniques. Some unconventional techniques of fabrication
are often used for preparing antireflection coatings. This section discusses both the conventional and
non-conventional fabrication approaches with appropriate examples briefly. Figure 7 shows the
classification of fabrication techniques forARCs.
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Figure 7. Classification of commonly used fabrication techniques for ARCs.

5.1. Conventional Techniques: Bottom-Up Approach

5.1.1. Sol-Gel Method

The sol-gel method is the most common approach to produce metal oxide nanoparticles and
mixed oxide composites and is industrially used to produce AR coatings. The steps involved in the
synthesis of the metal oxide include hydrolysis, condensation, and drying process. The process uses
inorganic salts as precursor materials and is mixed in an organic solvent to undergo hydrolysis to

form a solution of metal hydroxide, and a three-dimensional gel is formed as a result of subsequent
condensation. Then, the obtained gel is allowed to dry in the drying process, which yields Xerogel or
Aerogel. The reaction pathway is shown in Figure 8. Depending on the solvent’s nature, the sol-gel
method is classified into aqueous sol-gel and non-aqueous sol-gel method [74].

Evaporative Supercritical
drying drying
r Drying process
Final )
\&—@—

/ Precursor
Stirring l

~

» Hydrolysis
# Condensation

Wy
1

el formation

Figure 8. The reaction pathway involved in sol-gel synthesis of metal oxide nanostructures. Reprinted

with permission [74]; 2017, Elsevier.
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The aqueous sol-gel method uses a water solvent as a reactive medium, and the water solvent
provides oxygen required for the formation of the corresponding metal oxide. Usually, employed
metal precursors for this method are metal alkoxides, metal acetates, chlorides, sulfates, and nitrates,
out of which metal alkoxides are commonly utilized metal precursors owing to their increased
reaction towards the water. In most instances, the process of hydrolysis, condensation, and drying
takes place concurrently due to which controlling the morphology and reproducibility of the material
becomes difficult, which is significant for fabricating nano-oxide layers. Hence, it is believed that this
method is more suitable for bulk metal oxide synthesis than nano-oxide synthesis. The non-aqueous
sol-gel method uses organic solvent as the reactive medium, and organic solvents supply the oxygen
required for the formation of the metal oxide. This method is superior to the aqueous sol-gel method
because of its versatility for tuning vital components such as morphological structure, surface
properties, and particle size through the influence of the organic solvent. Thus, the non-aqueous sol-
gel method is mainly employed for the preparation of nano-oxides.

The different coating methods widely adopted to coat sol-gel are as follows and is depicted in
Figure 9.

Dip coating: Here, the substrate is dipped in the prepared solution and is retracted at a regulated
feed rate and hence the name dip-coating. Depending on this feed rate, the morphology and particle
size are affected, which in turn affects the antireflective property of the coating. The sequential steps
involved in this process are immersion, start-up, deposition, evaporation, and drainage.

Spin coating: In this methodology, the uniform film is formed with the assist of centripetal force
due to spinning action. It is a group-production process in which thin coatings can be deposited on a
flat substrate or the substrate curved at the end. A viscous film is deposited and subjected to spin at
high rpm (of about 3000 rpm) and, therefore, forcing the film to spread over the substrate. Here, the
rpm is a crucial factor to shape the structure.

Meniscus coating: In this methodology, the material is coated on the substrate surface through
a porous device that always maintains a meniscus between the substrate and the device. It can result
in micron level thickness, and are commonly employed in display panels, optical devices, and an
enhanced technique based on this method is used in the paint industry.

Immersion Start-up Deposition & Evaporation Drainage

; 1. Pick up roll
Drainage 2. Applicator roll

\ (a) 3. Back up roll
{d)
]
Deposition Spin-up Spin-off Evaporation

(b)

Figure 9. Steps involved in various coating techniques (a) Dip-coating (b) Spin-coating (c) Meniscus-
coating. Reprinted with permission [39]; 2016, Elsevier.

5.1.2. Thermal Evaporation

The thermal evaporation technique involves the vaporization of coating material in a vacuum
chamber maintained below 10 Pa and the subsequent condensation of evaporated atoms on the
substrate surface. It is also regarded as vacuum deposition since the process is carried out in vacuum
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to avoid the oxidation issues. The evaporation of the source material is accomplished either by
resistive heating or electron beam heating [75]. Resistive heating is most commonly employed for
depositing thin films, and the coating material is generally vaporized in a resistively heated filament
or boat crucible constructed using refractory metals such as Molybdenum, Tungsten, and Tantalum
with or without ceramic layer. Electron beam heating is performed in an ultrahigh vacuum for those
materials which cannot be resistively heated. The typical design of a thermal evaporation system is
shown in Figure 10. The evaporation process can be assisted by microwave, plasma, or electron
resonance to have control over the deposition rate or on the properties of the vaporized materials
[76]. Many AR coatings are developed using this technique. For example, Zaier et al. prepared ZnO
thin films using thermal evaporation technique and refined the structural, electrical, and optical
properties by subsequent annealing at different temperature ranges. Such coatings exhibited
transmission spectra higher than 90% within the visible wavelength range [77].

ﬁ

\

-

=~

Vacuum —‘zzzzzT Vhacu;m
chamber chamber
Substrate "/ Substrate
Evaporation Evaporation
source ’/Heater source
- | C
\\b/ Electron
beam
source
l ‘ —_ * e
Vacuum Vacuum

Resistive heating Electron beam

Figure 10. Typical thermal evaporation system representing resistive heating and electron beam
heating. Reprinted with permission [75]; 2012, Elsevier.

5.1.3. Sputtering

The sputtering deposition technique ranges from a simple Direct Current (DC) diode sputtering
system to sophisticated reactive magnetron sputtering. In this method, the coating material is
extracted from the cathode (source) by bombarding with accelerated positive ions of inert gas (Argon)
and then transmitting the energy and momentum to the substrate (target). There exist various
sputtering deposition systems, such as ion-beam sputtering, reactive sputtering, and magnetron
sputtering, that are commonly used for depositing thin-films of ARCs. For instance, Zhaoyong Wang
et al. fabricated double-layer AR coating using single material TiO2 by using a magnetron sputtering
technique. The layer with low Rl is obtained from a direct reactive magnetron sputtering, while the
layer with higher RI is prepared from energy filtrating magnetron sputtering [78]. The coating
exhibited excellent photocatalytic performance and the antireflective property, with average and
maximum transmittance of 88.4% and 98.9% in the visible spectrum.

5.1.4. Glancing Angle Deposition (GLAD)

The GLAD technique is an improvized version of physical vapor deposition that involves the
condensation of vaporized material on to the substrate. In this method, the substrate is either
stationary or rotated at a constant rate, and the vapor flux is incident at an angle to the substrate
(Figure 11(ii)). By doing so, thin films can be grown at gradually increasing porosity owing to the
atomic-scale shadowing (Self-shadowing), as shown in Figure 11(iii) [79]. If the substrate is held at
an oblique angle without rotating, the resultant nanostructure will be tilted towards the source (tilted
nanostructure, Figure 11(i)(a). When the substrate is rotated to 180° at fixed intervals, then a zig-zag
pattern is formed (chevron nanostructure, Figure 11(i)(b). A helical nanostructure is formed by
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rotating the substrates (helical column nanostructure, Figure 11(i)(c). When the substrate rotation rate
is increased further, the pitch of the helical structure approaches the diameter of the column, and the
helical structure degenerates into a vertical column structure (Figure 11(i)(d). The advantage of this
technique is that the morphology and the porosity of the resultant nanostructure can be accurately
controlled by the rotational speed of the substrate and vapor flux incidence angle. The larger the
oblique angle, the higher the film’s porosity and vice-versa. GLAD technology has advanced to
fabricate thin films with slanted, helix, chevron, vertical, and other morphology-based
nanostructures. The microstructure and nanostructure of the GLAD deposited films possess an
increased surface area. Some applications require surface area enhancement, like electrodes
employed in dye-sensitized solar cells (DSSC). Kiema et al. fabricated a DSSC in which the TiO:
electrode is deposited using the GLAD technique, and the device exhibited a PCE of 4.1% [80].

(ii)

Figure 11. (i) GLAD deposited microstructures (a) tilted structures, (b) Chevron or zig-zag structures,
() helical structures, (d) vertical columns. (ii) (a) The angle of deposition a and the rotation angle of
the substrate @ to the deposition plane. (b) Typical GLAD apparatus implemented in the PVD system.
(iii) Nuclei distributed across the surface leads to ballistic shadowing of the surrounding regions.
Reprinted with permission [79]; 2007, AIP Publishing.

By varying the deposition angle, a gradient refractive index can be produced in the films.
Kennedy and Brett used GLAD to deposit SiO: films onto the glass substrates, and the resulted
graded-index films effectively suppressed the Fresnel reflection loss [81]. The above-mentioned film
exhibited a peak transmittance higher than 99.9% at normal incidence and more than 99.0%
transmittance between 0° and 30° range of incident angles within the wavelength range of 450-1000 nm.

5.1.5. Chemical Vapor Deposition (CVD)

Chemical vapor deposition is the technique that involves the deposition of materials in the vapor
phase onto the heated substrate surface by the decomposition of chemicals. The materials with
different physical, chemical, and tribological properties can be grown on the substrate material by
varying the operating parameters such as substrate temperature, gas pressure, substrate material,
and the composition of reaction gas mixture. The key feature of the CVD method is that a uniform
thickness can be obtained with low porosity even with substrates of complex shapes.

Plasma enhanced CVD (PECVD) is a widely utilized fabrication method for silicon nitride ARCs
on ¢-Si solar cells and is industrially used method. On the other hand, radio frequency PECVD (RF-
PECVD) remains effective in depositing uniform coatings on the substrates of various shapes and
sizes [82]. RF-PECVD has employed in coating diamond-like carbon (DLC) films on Si substrate for
the application of Infrared windows and antireflection coatings for solar cells. Remache et al.
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fabricated a dual-layer of porous silicon and silicon oxide by PECVD technique [83]. The fabricated
layer shows improved stability, and passivation properties and with the thickness of 105 nm of SiOx
film, the effective reflectance is reduced to 3.8%. Another CVD method commonly used for
fabricating AR coatings is atmospheric pressure chemical vapor deposition (APCVD). Neuman
prepared a GRIN layer composed of SiOz and TiO2 via APCVD, and this layer showed a reflectance
of only 0.5% [84].

5.2. Conventional Techniques — Top-Down Approach

Etching

The etching is a process of removing the material simultaneously on the whole area of the
substrate by the action of chemical reactions, which causes a selective dissolution or an ablation on
the substrate to obtain a specific pattern. Etching belongs to the family of subtractive patterning and
can be a mask assisted process by selectively protecting the material or mask-less process. Depending
on the nature of the etching, it can be regarded as isotropic and anisotropic etching. The former gives
a uniform material removal rate of the exposed surface while in anisotropic etching, the materials are
removed quickly in random directions leading to a non-uniform removal rate. Wet etching and dry
etching prevail to be the major etching approach that is generally used for antireflection coating
synthesis. In wet etching, the whole substrate is submerged in the etchant (chemical solution), and
the material that is not to be removed should be either inert to the solution or must be protected by
using a mask (mask-assisted). The factors that influence the rate of etching are the concentration of
the etchant, the rate of waste product removal, and the temperature [85]. In a study, silicon-based
antireflective SWS is fabricated by wet etching techniques in the presence of nano-sized gold (Au) as
a catalyst [86]. The selection of metal catalysts and their shape actively governs the etching process.
Another technique that makes the gold particles get attached to the substrate surface is by preheating
the substrate and soaking them in an aqueous solution of HF and water, which is then etched using
gold catalysts. A black appearance is obtained by the end of 15 min, and this surface demonstrated a
reflectance of less than 5% in the 300-800 nm wavelength range.

Dry etching involves the removal of material by the bombardment of ions on the exposed
surface. The reactive ion etching (RIE) is commonly regarded as dry etching, which involves a
chemical reaction between the substrate material and the gaseous etchant. This method can yield
more delicate features on the substrate surface as the gas can enter small spaces than liquids and
solids comparatively. In certain studies, chlorine trifluoride (ClFs) gas was employed as a dry etchant
to produce substrates with honeycomb textured nanostructures [87-89]. It is also seen that CIFs gas
is capable of etching the Si surface at near room temperature without plasma, and also, it does not
affect the positive-type photoresist mask material.

5.3. Unconventional Fabrication Techniques

5.3.1. Lithography

Lithography is a process of pattern transfer from a mold having nanoscale features to the
substrate surface. Generally, for fabricating antireflection coatings, techniques such as
photolithography, focused ion-beam lithography (FIBL), and nanoimprint lithography (NIL) are
often utilized apart from the conventional techniques. Photolithography involves an optical means
of producing a pattern on the substrate. In this technique, initially, a photoresist film is placed on the
substrate and masking of the selected region is done. After masking, it is exposed to electromagnetic
radiations [90], and due to photo-induced reaction, the solubility of the photoresist layer exposed to
the radiation changes. Then, the developer solution dissolves the photoresist layer exposed to
radiation, and etching is carried out to remove the film below it. Finally, the remaining photoresist
layers are stripped off. Zhou et al. [91] used photolithography to develop the superhydrophobic
micropillar arrays, and the illustration of the various steps involved in the photolithography method
is shown in Figure 12.
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UV Light source
Film coating Photoresist Masking of selective UV light radiation
coating region exposure

Stripping photoresist Etching Removing photoresist exposed
coating to UV light

Figure 12. Schematic illustration of steps involved in photolithography.

In ion and electron-beam lithography, a focused beam of ions and electrons respectively are
employed instead of electromagnetic waves as in photolithography. The focused ion beam
lithography possesses less backscattering since ions are much heavier, and a high-resolution
patterning can be obtained than UV or electron beam.

Nanoimprint lithography (NIL) is also referred to as mold lithography as it does not use light or
charged particles; instead, it utilizes the mold to fabricate the structures [92]. It uses a high precision
mold made of hard materials. The required topographical nano features are first created on the mold
using appropriate advanced techniques. Then, the mold is pressed against the coated substrate to
impart the pattern on the substrate surface. After the removal of the mold, the substrate is subjected
to a standard RIE to clean the compressed resist. The process of NIL is illustrated in Figure 13i [93].
Kim et al. used a thermal nanoimprinting method to prepare a PMMA film having a nanopillar
structure with a spacing of 300 nm between them. The silicon master imprint used is obtained by the
utilization of laser lithography and dry etching techniques. The nanoimprinted polymer film
exhibited multifunctional behaviors such as antimicrobial, antireflective, and antiadhesion
properties. The reflectance of the film is lesser than 0.5% in the 400-800 nm wavelength range [5].
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Figure 13. (i) Illustration of various steps in the preparation of moth’s eye pattern using nano-imprint
lithography methodology. Reprinted with permission from Ref. [93]; Copyright 2011, Elsevier (ii)
Stepwise illustration of bio-replication method with cicada wing as a template. (a) Cicada wing
structure. (b) Depositing Au on the Cicada wing structure through thermal evaporation. (c) Adhering
the Au film to the supporting plate. (d) Releasing the Au plate to obtain the Aumold. (e, f) Replicating
the cicada wing structure on the PMMA film through prepared Au mold. Reprinted with permission
[42]; 2010, Elsevier.

5.3.2. Micro Replication Technique

Nano-fabrication techniques without using lithography have been actively pursued owing to
their disadvantages, such as high-cost fabrication techniques, inefficiency in generating 3D
structures. New microreplication methods such as soft lithography, micro-cutting process, and
micro-stereo lithography have been developed. Out of which, soft lithography is extensively carried
out in the effective fabrication of nanostructures in PV application. Soft lithography is also a pattering
method which uses an elastomeric stamp to deposit ink on the substrate. The main advantages of this
fabrication methodology are more straightforward setup, relatively low cost, and high resolution
with high precision. One major drawback of this method of soft lithography is the dependency on
lithography methods to create a master pattern. The polydimethylsiloxane (PDMS) polymer is
typically used to fabricate the mold due to its high optical transparency, elasticity, hydrophobicity,
biocompatibility, and gaseous permeability. Two modes of soft lithography exist, namely micro-
contact printing and microfluidics. In microcontact printing, the ink is transferred by bringing the
stamp in contact with the substrates. In microfluidic patterning, the ink flows through the channels
created by elastomeric stamp across the substate due to capillary forces. Lim et al. fabricated an
antireflection film made of PDMS with an inverse tapered nanoholes structure produced by a soft
lithography technique [94]. The template is made of Si molds having conical nanopillar structures.
The nanohole structured PDMS film with a thickness of 320 nm is deposited on the FTO glass
substrate, and it exhibited a minimum reflectivity of about ~ 7.1% at normal incidence in 350 to 800
nm span of wavelength. Also, in some cases, natural structures are directly employed as a bio-
template for the replication of the same, and one such case is demonstrated in Figure 13ii, where the
cicada wings are used as a template and is replicated on Au template which is transferred to PMMA
film. A comparison of the discussed fabrication techniques is shown in Table 2.
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Table 2. Comparison of various fabrication technologies commonly used for antireflection coatings.
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5.3.3. Miscellaneous Techniques

Specific techniques such as photo-aligning and photopatterning, which are used to fabricate
LCDs, are also employed for preparing optical ARC films having controlled surface topologies. The
approach involves a phase-separation which is obtained in liquid crystal films deposited on the
substrate in such a way that a nano-corrugated surface is produced. One such work by Ibn-Elhaj and
Schadt developed an optical polymer film using photo-aligning and photopatterning techniques. The
coating is applied to the glass, and it exhibited a very low reflectivity of 0.1% and a high transmission
of about 99.1% within the wavelength range of 400-700 nm [95].

6. Antireflection Coating Materials

Antireflective coating’s primary task is to minimize the Fresnel reflection loss and to assist the
propagation of light into the PV bulk materials with maximum light transmission as possible. The
criteria in which the effectiveness of the coating revolves are the material with which ARC is made
of, the structure of ARC (especially top surface), and fabrication techniques used to prepare an AR
coating. Regarding this, materials play a crucial role that decides the properties, including
transparency, mechanical robustness, weight, corrosion, thermal and chemical inertness. Also, the
fabrication method depends highly on material characteristics and influences the cost factor. In this
section, the AR coating materials are classified and reviewed with various structures, preparation
methods, maximum or average transmission exhibited, and with other features. Tables under each
section also list the research potential for individual reported study. The classification of ARC
material is represented below (Figure 14).
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Figure 14. Classification of antireflection coating materials.

6.1. Silicon-Based

Silicon is a material that is exceptionally explored in the area of antireflection coatings covering
from porous silicon (PSi) to silicon nanowires (SiNWs). Though silicon is subjected to undesirable
reflection losses (reflectivity higher than 30%), the compatibility with Si solar cells and its use in the
photovoltaic industry makes it indispensable. The reflection loss is mainly attributed due to its high
index of refraction (1nsi> 3.4), and thus, it is crucial to design an efficacious light trapping silicon
surface structure to minimize the reflection to amplify the light availability for PV cells. Over the
decade, researchers have contributed a lot to fabricate an effectual antireflection coating with Si using
different fabrication techniques.
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6.1.1. Silicon and Silicon Dioxide (Silica)

Silicon oxide is extensively used in several optical applications because of its high stability, low
refractive index, and is inexpensive. Numerous studies related to antireflective coatings have been
reported with silica material to boost light transmission through various fabrication processes, such
as wet chemical etching [96], colloidal lithography [97], interference lithography [98], and sol-gel
process. The majority of studies focusing on monolayer silica is formed by dipping the substrates in
sols made from tetraethyl orthosilicate (TEOS) and a combination of TEOS and methy] triethoxysilane
(MTES) or colloidal silica solution. In a study, Mahadik et al. [99] fabricated a single layer SiO: coating
from a silica sol and deposited on a cleaned glass substrate using a dip-coating methodology. Further,
it is subjected to the heat-treatment process maintained at a temperature of 400 °C. High
transmittance of about 97.5% at 500 nm wavelength is achieved by optimizing the porosity and
coating thickness. The thickness is controlled by varying the substrate lifting speed from the sol, and
the porosity is changed with the aid of heat treatment processes and polymer additives. The sol-gel
deposition has some drawbacks such as inhomogeneous film deposition, wettability problems, and
need for elevated temperature for drying. Nagel et al., on the other hand, produced a novel porous
silica ARC through remote plasma enhanced chemical vapor deposition (RPECVD) [100]. The porous
Si02 SLARC deposited on the two sides of the glass pane boosted the transmission, and at a particular
wavelength, the enhancement of transmittance was found to reach 100% from 91.7%. Moreover, with
the use of porous SiO: DLARC on either side of the glass pane, the transmission weighted in the
wavelength span of 400-1150 nm is improved from 91.6% to 99.4%.

Double layer porous silicon (PSi) ARC proves to be effective in visible wavelength region [101].
For example, a single layer PSi ARC developed achieved an effective reflectance ~ 7% in the
wavelength region of 400-1000 nm, whereas double-layer PSi ARC achieved below 3% reflectance as
experimented by Strehlke et al. [102]. Also, an effective reflectivity of 5.8% is obtained in AM1.5
spectral distribution for double-layer PSi ARC fabricated with the help of a chemical stain etching
method in 400-1100 nm wavelength range according to the study by Lipinski et al. [103]. Further
studies on single and double-layer ARC’s were performed by Remache et al. [83]. According to the
study, the single-layer PSi ARC deposited on n+p- junction solar cells achieved an effective
reflectance of 9% in 400-1000 nm wavelength range. Further, the deposition of a silicon oxide film on
the PSi ARC through the PECVD technique improved the stability and passivation properties of the
double layer ARC. The SiOx layers of 105 nm thickness, together with the PSi layer, has reduced the
effective reflectance to 3.8%. Usually, to study the anti-reflective properties of AR coatings, the
transmittance of prepared ARCs was compared with that of glass substrates, which is taken as the
reference sample. Wang et al. [104] designed a novel substrate by combining a metal-organic CVD
(MOCVD) prepared boron-doped zinc oxide (BZO) with SiO: coatings. The coating is fabricated
through the sol-gel dip-coating method. When compared to the glass substrate, the outcome of the
AR coatings was illustrious in near-infrared and UV spectral ranges. The thickness and the RI of the
prepared ARC were 90 nm and 1.28, respectively, achieving the destructive interference conditions
and thus, providing an average transmittance of 93.4% in 400-1000 nm range and the maximum
transmittance of 95.5% was obtained at 700 nm. When this novel substrate is applied to thin-film a-
Si solar cells, the efficiency was enhanced from 9.83% to 10.24%.

AR properties of PV can also be enhanced by texturing the Si wafer above which ARC is
deposited. For instance, Cao et al. [105] demonstrated the AR effect of SiO: thin film on the pyramidal
shape textured mono c-5i wafer. The textured surface on the polished silicon wafer was obtained by
etching. The SiO: film was then deposited and further subjected to thermal oxidation. The average
reflectance of fabricated pyramidal textured Si wafer (Figure 15a,b) was 15.6% in 400-900 nm
wavelength range, which is reduced further by SiOz coating. The SiO2 coating with 111.9 nm thickness
demonstrated a reflectance of about 3.8% in the visible spectrum, as shown in Figure 15c. Some
studies also show high mechanical strength as depicted by Guo et al. [106] in which a silica thin film
of a closed-surface structure is formed in a single dipping process. The thickness and hence the
refractive index of the film is optimized by controlling the withdrawing speed and adjusting acid-
catalyzed sol-gel constituents. A high transmittance of 97.1% is obtained with an index of refraction
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around 1.25-1.27. This coating claims to have robust mechanical properties with 5H pencil hardness
and possess high temperature and moisture resistance, owing to the lack of surface voids. Another
study by Agustin-Saenz et al. [107] indicates that the silica ARC can also be used in the Concentrated
Photovoltaics (CPVs) application. In this study, a broadband anti-reflective property is obtained by
stacking multiple layers of silica for the CPVs application. Under the reference AM 1.5 solar spectral
irradiance, the ARC stack provided a 7.2% increase in transittance when coated on both sides with
respect to bare glass in 300-2000 nm wavelength range.
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Figure 15. Pyramidal textured SiO: surface (a) before and (b) after thermal oxidation. (¢) Comparison
of reflectance in terms of wavelength for Si wafer surface, pyramidal textured Si surface without and
with 5102 coating Reprinted with permission [105]; 2015, Elsevier.

6.1.2. Silicon-Based Nanomaterials

Nanotechnologies are used to obtain necessary textured surfaces to enhance the antireflection
properties. Numerous techniques have been experimented to obtain silicon nanostructures either in
a bottom-up scheme or top-down scheme. Among recent developments, the metal-assisted chemical
etching (MCAE) presents as an efficient and low-cost technique for various Si nanostructures such as
Si Nanowires (SINWs) [108], porous SiNWs, and Si nanopores [109]. This approach has been
effectively used for fabricating large-area silicon nanowires arrays and reported to have increased
absorption of incident light and light scattering [110]. Li et al. reported Si nanowire (SiNW) arrays as
beneficial antireflection coatings and analyzed the dependence of experimental parameters on the
morphological structure and AR properties [111]. It was observed that the fabrication parameters
such as deposition time, etching time, H202, and HF concentration influences on the AR properties
of the textured multi-crystalline silicon sample. The research also showed that a tapering structure
for nanowire arrays is more beneficial to attain outstanding AR property. Under an optimized
condition, the nanowire array with a tapering structure exhibited an excellent antireflection ability
with a ~5.6% reflectivity. Nielsen et al. [112] focused on large-area antireflective surfaces deposited
on the commonly used glass in PV application with low-cost processing techniques compared to
other technologies. In this work, they prepared a nano-porous silica layer with 100 nm thickness, and
the obtained index of refraction ranges between 1.3 and 1.47. At an optimized state, the maximum
transmission achieved an increase of 3.6% for single side coating at 550 nm wavelength, and an
increase of 3.1% is obtained for 400-1100 nm spectral range when compared with uncoated glass
sample. Groep et al. fabricated a nanocylinder structured ARC made of silica using combined sol-gel
and substrate-conformal soft-imprint lithography techniques [113]. The constructed structure
attained an average reflectance of 0.57% in 425-700 nm wavelength range and 0.97% in 425-1000 nm
wavelength range. Low refractive index thin film is vital in optics, Opto- and micro-electronics, and
so as for PV application. Sobahan et al. [114] demonstrated a nanostructured porous SiO: film for
antireflection coating. In this study, the SiO: films are fabricated by using the GLAD technique in
such a way that the film is deposited at an angle of 85°, and it possessed a refractive index (RI) of 1.08
at 633 nm. A four-layer SiO2 film composed of alternative dense (RI—1.45) and light film (RI—1.08)
is constructed, and the reflectance spectra are studied at incident angles of 0°, 30°, and 45° in the span
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of 400-800 nm wavelength. The microstructure and the surface morphology are also analyzed by
using an SEM. In the 400-800 nm wavelength range, the mean reflectance is about 0.04%, 0.3%, 0.61%
atnormal incidence, 30°, and 45° incident angles respectively, and the average transmittance obtained
is 99.3% marking a very high transmission, and low absorption of nanostructured SiO: layers is
obtained. In another approach by Jia et al., a five-layer coating having a total thickness of 250 nm was
constructed by using a sol-gel technique that acted as a graded-refractive index thin film [115]. The
RI of the ARC was varied from 1.33 to 1.11, with each layer having a thickness of 50 nm, and the
hollow diameters of the silica particles range from 0 to 38 nm. At normal incidence, the average
transmittance achieved was 99.04%, and the highest transmittance obtained exceeded 99% at incident
angles ranging from 0° to 45° in 380-1600 nm wavelength range.

Recent trends in developing hydrophobic surfaces to impart self-cleaning property along with
antireflectivity for glass covers of the solar cell is indispensable. For instance, Zhi et al. [116] produced
a durable hydrophobic surface with AR properties on the glass cover of solar cells. The steps involved
in the fabrication of such a surface is shown in Figure 16a. The coating is developed in the form of a
dual-scale structure in which initially, a 3D crosslink network of nanopores is established, and then,
the silica nanoparticles in a sol were added to the nanopore structure. This reduces the pore size, and
a refractive index of 1.3471 is obtained. The transmittance spectra are represented in Figure 16b. An
average transmittance of 97% was attained when compared to 90% transmittance possessed by a bare
glass substrate. This coating surface has desirable characteristics of superhydrophobicity with a static
Water Contact Angle (WCA) of 157.9° (Figure 16¢). Moreover, the surface exhibited excellent stability
against water drops, strong acid, alkali, and it has a 4H pencil hardness making it suitable for glass
covers in PV application. Another study by Fangting Chi et al. [117] deals with a mechanically robust
and self-cleaning ARC in which hydrophobic silica nanoparticles with an organo-silica binder is used.
This coating exhibited a hardness of 4.2 GPa, and a WCA of 161° and high transmittance of 99.9% at
a wavelength of 550 nm is obtained owing to the combination of hydrophobic silica nanoparticles
and organo-silica binder. A double function SiO2-DMS coating [118] was developed by Zihui Liang
et al. in which a fluorine-free material is employed as a modifier to obtain water-repellent ability. The
S5i02-DMS coating established a water contact angle of 153°, and an optimized coating exhibited an
average transmittance of 96.07% in 300-800 nm wavelength range.

Silicon nanospheres are also of great interest in designing an effective AR coating, especially in
perovskite solar cells, which has vast prospects in the PV industry. Luo et al. enhanced the efficiency
of the perovskite solar cells with silica nanosphere ARCs from 14.81% to 15.82% [119]. In this research,
SiO2 nanosphere AR coatings (Figure 17a—c) are obtained from an aged silica sol and is deposited by
utilizing the spin-coating technique in which the thickness and the microstructure are regulated by
varying the speed of the spin. The optimized SiO2 nanosphere coating is reported to have the highest
transmittance of 96.1% at the wavelength of 550 nm, and the transmittance spectra are represented in
Figure 17d. It is also observed that with this coating, the performance of the PV is less affected by the
angle of the incident light. Similarly, Li et al. [120] worked on CIGS solar cells with novel ARC
structures consisting of continuous SiO: film and monodispersed SiO: nanospheres (NSs) array as a
result of which the PCE is enhanced from 11.66% to 12.59%. This structure is obtained by mimicking
a moth-eye-like nanostructure with a periodic sub-wavelength protuberance. The solar transmittance
of SiO2 NSs/SiO: film in the visible region on average is improved by 7.02% and with a maximum
improvement of 8.21%.
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Figure 16. (a) Illustration of various steps in fabricating durable anti-reflection transparent
superhydrophobic surfaces. (b) Comparison of transmittance for glass substrates with various
coatings and without coatings with respect to wavelength. (c) Water droplet contact angle on the
superhydrophobic coating. Reprinted with permission [116]; 2018, Elsevier.
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Figure 17. (a,b) FESEM images of spherical SiO:2 coating deposited on glass substrates with various
spin-coating speeds. (c) Schematic illustration of the light interaction with SiO2 sphere-based ARCs.
(d) Variation of transmittance for spherical SiO2 based AR coatings on glass substrate at various
speeds (Ref—Glass sample without coating). Reprinted with permission [119]; 2018, Elsevier.
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Wang et al. prepared an ARC consisting of hydrogenated nanocrystalline Si (nc-Si:H) nanorod
arrays and is deposited on nickel nano-cone substrate via high-frequency PECVD [121]. The average
diameter and height of the optimized nc-Si:H nanorod structures were 200 nm and 700 nm,
respectively. This coating showed a low reflectance achieving below 5% at normal incidence in 400-
1100 nm wavelength range. Duttagupta et al. reported a plasma-deposited silicon nitride coating for
Si wafer solar cells [122]. In this study, the refractive index of the coating is adjusted from 1.9 to 2.7,
and it is found that at an index of refraction of 2, corresponding to the 70nm film thickness, a weighted
average reflectance of less than 2.5% and a weighted average transmittance more than 97% on mono-
Si wafers. Also, this film shows excellent surface passivation quality. Prasad et al. deposited silicon
nitride (SiNx) ARC on multi-crystalline Si (mc-Si) wafers. The surface of the wafer exhibited a
reflectivity of less than 10% in the 350-800 nm wavelength range [123]. Huang et al. reported
broadband and Omni-direction antireflection coating with an aperiodic array of silicon nanotips
structures that effectively suppresses the reflection from UV region to visible spectrum for a wide
range of incident angles [29]. The summarized table for silicon-based antireflection coatings is given
in Table 3.
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Table 3. Silicon based antireflection coatings.
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6.2. Metal-Based

6.2.1. Metal

Metals as a thin film are widely used in optical fields [124,125] and are extensively researched.
It is generally known that metal surfaces are smooth and are subject to high reflectivity, rendering
the transmission of propagated light, and a portion of it is ultimately absorbed. This problem can be
overcome by texturing the metal surface with appropriate structures, which would result in
decreased light reflection and increased light transmission into the solar cell [126-130]. For instance,
Toma et al. [131] fabricated a light-absorbing and broadband antireflective nanostructured gold thin
film with flexible properties. It is prepared by depositing gold vapor as a nano-cone array. By
controlling the bead diameter and etching timing, the height and periodicity of the nanostructured
cone array can be optimized. This optimized thin film exhibited an average reflectivity lesser than
1% over 450-950 nm spectral range with a wide-angle of incidence from 0-70°. The result obtained is
due to a combined effect of plasmonic absorption and diffractive scattering loss. This method of
fabrication can help in creating flexible nano-cone structured thin gold films. Apart from nano-cone
structures, other nanostructures, such as nanopyramids, nano-cups, and nano-cavities, can also be
obtained by plasma etching of the colloidal bilayers.

In recent years, metal nanofilms have evolved as a successful material to mitigate the reflection
loss and to enhance the propagation of light into the material, and simultaneously, the film should
absorb a minimum amount of light incident on it. Thus, while preparing the structures on metal films,
it is necessary to choose the metal nanoparticles of such a shape and size that an optimized structure
assists in maximizing the transmission of light.

6.2.2. Metal Oxides

Metal oxides possess an excellent antireflective property, and some of the commonly known
metal oxides used as AR coatings are TiOz, ZnO, Al20s, Indium Tin Oxide (ITO), Ta20s and various
nanostructured metal oxide films. Titanium Oxide (TiO2) is widely preferred antireflection coating
material in photovoltaics [132] due to its well matching refractive index, low deposition cost,
durability, stability, hardness and possess excellent transmittance and mechanical resistance [133-
135]. Regarding fabrication processes, TiO: films are usually deposited by vacuum processes that
include chemical vapor deposition [136-138], atomic layer deposition [139]. Under favorable
fabrication conditions, a uniform film can be obtained, but these methods are expensive and are not
appropriate for large-scale production, especially for the PV field. Methods such as sol-gel dip
coatings [140,141], spray pyrolysis [142], hydrothermal process [143-145], and liquid phase
deposition (LPD) [146] are also employed for coating TiO: films on the substrate. Hocine et al.
reported a TiO2 antireflection coating that is deposited using atmospheric pressure chemical vapor
deposition (APCVD) method. Due to this, the reflectivity has brought down from 35% to 8.6%,
causing a rise in short circuit current density (Jsc) to 33.86 mA/cm? with a gain of 5.23 mA/cm? relative
to the uncoated cell [147]. This study also shows that the fabrication of multi-crystalline Si cells using
CVD as an efficient and cost-effective technique which together with AR coating, leads to an increase
of 3% conversion efficiency compared to the reference cell. Super-hydrophilic coatings consisting of
TiOz is able to break down the organic contaminants when it interacts with light [148,149]. Adak et
al., [150] developed a highly transparent, super hydrophilic, self-ordered, and photoactive TiO: thin
film coatings through a process of combined sol-gel and plasma-based approach. A block copolymer
Pluronic F127 is used for such coatings, which play the role of structure-directing agent that helps in
the creation of pores in TiO2 coating. Such a porous TiO: thin film has a reduced RI of ~ 1.31 and
possesses optical transparency as high as 95%. The prepared film was observed to have robust
mechanical characteristics with micro or nano hardness of 0.95-2.02 GPa and are also found to be
super-hydrophilic having a water contact angle lesser than 5°, which claims to be a suitable candidate
for PV application and other energy devices.
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In recent studies, it has been reported that better antireflection characteristics are obtained when
TiOz is combined with another material, such as with a layer of S5iO2, which is discussed in the section
of composite materials. TiO2 with SiO2 mono or multilayers can lower the effective RI of the substrate.
Haider et al. [151] carried their work on Ni-doped TiO: thin films, which is coated by using pulsed
laser deposition (PLD) technique. The Ni is doped in as 1, 3, and 5 weight % into TiO2 films, among
which the maximum band gap is associated with a 5% doping level (Eg = 3.82 eV). The (TiOz2)095Nio.0s
film exhibited the lowest reflectance of about 25.43% and a refractive index of 3.02. In certain studies,
TiO: is used as both antireflection coating films and as a passivation film. For example, Huang et al.
[152] deposited titanium oxide as AR coatings using liquid phase deposition on Silicon nanowires
solar cells. In this investigation, (NH4):TiFs and HsBOs solutions were employed for depositing TiOx.
Under the condition of 0.5M H3BOs after annealing at 500 °C in the N2 atmosphere for 30 min, the
liquid phase deposited TiO: films exhibited a reflectance of 3.6% and the effective minority carrier
lifetime was 1.29 us. The SEM images and reflectance spectra are shown in Figure 18. The TiO:2 films
fabricated in this case are used as antireflection coatings and passivation films. Visniakov et al. [153]
tested high impulse power magnetron sputtering (HiPIMS) technology for depositing TiO:z coatings
and investigated the antireflective properties of the film. They textured a pyramidal structure on
silicon substrates before the deposition of TiO:. Then, different thicknesses of thin films were
deposited on textured samples using both conventional Direct Current (DC) method, and HiPIMS
method in the argon-oxygen atmosphere with a titanium target. The sample coated by the
conventional DC method is taken as reference, and the coatings were observed using SEM, TEM,
grazing index X-ray diffraction, ellipsometry, spectrophotometry techniques. On comparison, the
HiPIMS deposited coatings exhibited lowest reflectance than that of DC deposited samples for the
same thickness. In certain studies, double layer TiO: coating is used for enhanced antireflection
property. Richards [154] prepared a DLARC using only single TiO2 material. The optical parameters
of titanium dioxide films were optimized by regulating the sintering and deposition conditions,
which yielded coatings with refractive indices ranging from 1.73-2.63 at a wavelength of 600 nm.
This DLARC TiO2 exhibited a weighted average reflectance of about 6.5% and 7%, in air and under
glass individually. By coating on a silicon solar cell, the short-circuit current density is improved by
2.5 mA/cm? relative to TiO2 SLARC.
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Figure 18. (a) The reflectance curve of LPD-TiO: thin film on SiNWs with different HsBOs
concentration in 400 to 800 nm wavelength range. (b) SEM cross-sectional images of LPD-TiO2
(0.3M)/SiNWs/Si, () LPD-TiO2 (0.4 M)/SiNWs/Si. Reprinted with permission [152]; 2017, Elsevier.

Over a decade, AR coatings based on Zinc oxides (ZnO) nanostructures such as nanorod,
nanowires, nanotube, and nanoneedle have attracted massive attention for research in optoelectronic
and nanodevices due to their excellent optical performance, broad bandgap [155-161]. Generally,
zinc oxide nanostructured arrays were created by electron beam evaporation [162], wet chemical
deposition [163], chemical vapor deposition [164]. Also, low-cost methods of fabrication include the
sol-gel method [165] and hydrothermal synthesis [166,167]. For instance, Nowak et al. constructed
the arrays of Zinc oxide nanorods on Al-doped ZnO seed layers using an electrochemical deposition
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method in which the size of the nanorod arrays can be easily controlled [168]. It exhibited a
reflectivity of about 6.1% in 340-760 nm wavelength range with a 400 nm thick seed layer. These
enhanced antireflection properties contributed in improving the PCE of silicon solar cells. Chung et
al. [169] fabricated ZnO nanostructures on silicon wafers by utilizing the hydrothermal technique. In
this technique, the zinc acetate thin films are employed as a seed layer, and the density of ZnO
nanorods can be changed by controlling the spin-coating speed and annealing time. The results
showed that the nanorods reduced the Fresnel reflection loss owing to the gradient refractive index
obtained in the structure, and the total reflectance was about 11%. In contrast, it was also observed
that the nanorod morphology changes from wire-like geometry to tower-like geometry as the
ascorbic acid concentration is increased. Another study focusing on GaAs p-n junction solar cell was
researched by Makableh et al. [170] with ZnO antireflection coating of 110 nm thickness formed by
sol-gel technique, and the refractive index and the reflectance was measured using ellipsometry. The
spectral response showed an average refractive index of 1.65 in the wavelength span of 400-900 nm,
and the reflectance is reduced from 33% to a lower value of about 3% at 650 nm, whereas the
transmission at 980 nm was increased from 45% to 60%. Further, the power conversion efficiency and
quantum efficiency were enhanced in the order of 32% and 51%, respectively.

Qu et al. [171], produced ZnO nanorod arrays (NRAs) through a cost-effective chemical bath
deposition method and analyzed their AR property on mc-Si solar cells. The structure and the
morphology were analyzed and studied by SEM, TEM, and X-ray diffractometer. From the analysis,
it is seen that the ZnO NRA features a wurtzite structure having a diameter of around 40-50 nm. The
comparison is made between ZnO thin film-coated, ZnO nanorod array coated, and uncoated solar
cells. The average reflectance calculated for the fabricated three solar cells was 18.1%, 15.9%, 41.6%,
respectively. The steps involved in the fabrication, schematic structure of three solar cells, and the
reflectance spectra are shown in Figure 19. The PCE of the ZnO nanorod array coated solar cell was
found to be 6.61% rather than 2.27% for uncoated solar cell. Further, it is also observed that ZnO NRA
proves to be much more effective as an antireflective coating than ZnO thin film.
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Figure 19. (a) Steps involved in the fabrication of ZnO nanorod arrays. (b) Schematic structures of
fabricated three types of solar cells. (¢) Variation of reflectance for the fabricated solar cells with
respect to wavelength. Reprinted with permission [171]; 2017, Elsevier.

Lin et al. [172], researched on antireflection coating structure with syringe-shaped ZnO nanorod
arrays, which were prepared by a two-step aqueous solution method. The cross-section SEM image
and the reflectance spectra are shown in Figure 20. The surface reflectivity was reduced to below 5%
over broad wavelength range on multi-crystalline Si solar cells. Also, the short-circuit current density
and the PCE was improved by ~ 37% and ~ 41% relative to that of the bare surface. This was primarily
due to the ultra-sharp tips on the top of nanorods, which results in a progressive rise in RI from the
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air to the nanorods bottom. Fernandez et al. [173] constructed a novel ZnO:Al thin film and
investigates the optical properties of the film with the thickness varying from 80 to 110 nm. The film
is coated on a polished silicon wafer using RF magnetron sputtering, and the texturization of the
surface is carried out by the wet etching process based on NH4Cl. The optimized textured films
exhibited a weighted reflectance below 15%.
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Figure 20. (a) Cross-section SEM image of the syringe-shaped ZnO nanorod arrays. (b) Comparison

of reflectance of mc-Si PV cells with various surface conditions. Reprinted with permission [172]; 2018,
Elsevier.

Indium tin oxide (ITO) is widely preferred material for the construction of transparent
conductive electrodes owing to its superior conductivity and transmittance. For instance, Yun et al.
constructed an ITO nano-lens arrays using UV nano-imprint and etching techniques on Si substrate
[174]. The reflectance of the fabricated nano-lens arrays with a thickness of 80 nm was 4.7% in the
wavelength between 400 and 1100 nm and exhibited almost nil reflection for a wide angle of
incidence. Also, Ham et al. prepared a transparent ITO coating with nano-branched structures via
electron beam deposition method on the front surface of the glass, which showed an average
transmittance of about 92% with the thickness ranging from 550 to 820 nm in the 500-800 nm
wavelength range [175]. Tien et al. [176] fabricated a double layer ARC by using Indium tin oxide.
The high refractive index bottom ITO layer is constructed by a long-throw RF magnetron sputtering
method at room temperature, and the low refractive index top ITO layer is constructed by
supercritical CO2 (SCCO2) treatment at 60 °C on gel-coated ITO films. The RI of the coatings was
controlled by varying the operating pressure of sputtering and SCCO: treatment and sputtering
power. The average transmittance and reflectance of DARC ITO thin films were found to be 86.2%
and 4.3%, respectively.

In the 20th century, researches were also focused on Ta20s as an antireflection coating film. For
example, Rubio et al. [177] used Ta20s thin films as an antireflection coating on monocrystalline
silicon cells, which is deposited by magnetron reactive sputtering. By doing so, the reflectance of the
Si surface is reduced from 30% to about 3% approximately. On the other hand, in another study [178],
the refractive index was brought close to 2.0 in the visible region, and the PCE of the cell was
enhanced from 9.5% to 12.9%.

6.2.3. Metal Fluorides

When considering metal fluorides, magnesium fluoride (MgF2) prevails as prominent
antireflective material. MgF: is widely used in antireflection coatings because of their lower refractive
index (lower than glass), high transparency and is generally added for composite AR coatings
[179,180]. Also, various kinds of morphologies of MgF: particles such as nanorods, hollow spherical
particles, cube, and platelets, induce properties based on their structure [181-184] and are gaining
more attention in research. Reddy et al. used hollow magnesium fluoride nanoparticles (Figure 21a)
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to develop a high-performance broadband AR coating [185]. It exhibited an average transmittance
(Figure 21b) of 98.3% in the 400-800 nm wavelength range and 96.2% in solar spectral range (300-
1500 nm). Such high transmittance is obtained as a result of the facile formation-deformation-
reformation synthesis route, and a high-performance ARC with a low RI, high durability in the
economic range is obtained. Another study by Karthik et al. synthesized high-performance ink-bottle
mesoporous MgF2 nanoparticles [186]. A deformation-formation route via lyothermal synthesis is
utilized for preparing the nanoparticles from coarse commercial MgF: hydrate powder. By using the
dip-coating method, a single layer of ARC is obtained after the dispersion of nanoparticles into a
suitable solvent. The developed AR coating achieved a transmittance of nearly 100% in 615-660 nm
wavelength range and exhibited an average transmittance of 99% and 97% in the wavelength range
of 400-800 nm and active solar range (300-1500 nm), respectively. Moreover, the usage of such AR
coatings on solar cell glass increased the efficiency by 6% for crystalline silicon solar cells.

Pendse et al. [187] reported a hydrophobic modification of high-performance broadband
antireflection coating with mesoporous MgF2 nanoparticles. The prepared MgF: film is hydrophilic
with a WCA of 27° and possesses high transmission higher than 99% in the visible range and is greater
than 97% in active solar range. The film is modified into the hydrophobic coating with the help of
flurosilane carrying silica sol using a dip-coating technique, which significantly widens the WCA to
130° without any modification in transmission characteristics of the film. This modified layer exhibits
a transmission of 98.8% in the visible range (400-800 nm) and 97.03% in active solar spectral range
(300-1500 nm) with hydrophobic nature. Also, this layer is reported to be environmentally stable and
is suitable for PV and optical applications. A summary of metal-based antireflection coatings is
provided in Table 4.
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Figure 21. (a) FIB cross-sectional image of ARC consisting of hollow MgF2 nanoparticles (HNP-1
layer). (b) Transmittance spectra of AR films comprised of different hollow nanoparticles. Reprinted
with permission [185]; 2018, Elsevier.
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6.3. Polymer-Based

In this decade, the usage of polymer films as ARCs have been consistently increasing for
numerous state-of-art optical applications to minimize the reflection loss between air and the
substrate [190-192]. The characteristics of the polymers such as high mechanical strength, easy and
quick fabrication, good optical properties, lightweight, chemical and thermal resistance, and mainly
its cost-effective production makes polymer to have a superior advantage over other materials.
Nanopatterned antireflective polymer films, namely polystyrene (PS) [6], poly(methyl methacrylate)
(PMMA) [193], poly(dimethyl siloxane) (PDMS) [194] and poly (ethylene terephthalate) (PET) [195],
polyimide (PI) [196], and ethoxylated trimethylolpropane tri acrylate (ETPTA) [23] have been
reported to enhance the transmission of light. Moreover, the nano-polymer films can be easily
prepared by many nanopatterning methodologies, which include plasma etching [195], soft imprint
lithography [94], and microinjection compression molding [197]. Antireflective polymer films with
the sub-wavelength structure are the new area of research under exploration.

6.3.1. Polystyrene (PS)

Polystyrene has an index of refraction of 1.6 and a transmittance of up to 88%-92%. The material
possesses good thermal stability, fluidity, which enables it suitable for the molding process, especially
injection molding. Owing to its stability, cost-effective and fast synthesis, the self-assembly
polystyrene spheres are commonly used as a template for etching colloidal single layer to create
patterns on various substrates [198-201]. For instance, Li et al. reported antireflective polystyrene
film textured with a conical micropore structure and coated on both surfaces of the silicon substrate.
The textured polystyrene film showed a transmittance of nearly 75% at a bandwidth of 0.1-1.5 THz
[202]. The performance of such material can still be improved by adjusting the structure parameter,
mold parameters, and material. Recently, Xie et al. produced biomimetic PS film consisting of
nanopillar arrays exhibiting antireflective properties whose structure is inspired by the cicada wings
nanostructure [197]. They replicated the nanostructures on PS surface using microinjection
compression molding in which the nickel mold is used as an inverted template. The nano-textured
PS surface achieved a reflectance of nearly 4% in the 400-1000 nm span of the spectrum and also
exhibited a water contact angle of 143° + 2°. The same group also constructed a PS film having
pyramidal arrays using the same fabrication methodology mentioned above with an inverted
pyramid-structured nickel mold as the template [6]. This film exhibited a reflectance of ~ 5% and a
transmittance of about 93% in the 400-900 nm wavelength range. The SEM images, reflectance
spectra, and the photograph are represented in Figure 22a—d, respectively.
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Figure 22. (a) Top and (b) tilted views of PS replica molded by micro-ICM (SEM images). (c)
Comparison of reflectance spectra of silicon wafer, etched silicon wafer, PS counterpart, and PS
replica. (d) Photograph of PS replica and PS counterpart exposed to white fluorescent light. Reprinted
with permission [6]; 2017, Elsevier.

6.3.2. Poly (Methyl Methacrylate) (PMMA)

PMMA has a refractive index of 1.49 with outstanding optical transparency in a broad
wavelength range, including near-IR and visible regions, which is a unique property of PMMA. This
polymer also has high toughness, mechanical strength, and chemical resistance, as well as thermal
shock resistance, but it has low fluidity, surface hardness, and poor scratch resistance. PMMA as AR
films usually possess nanopatterns that include nanopillar, nano-dome, nano-needle, nano-cone,
moth-eye structures which can be fabricated by nano-print lithography, a combination of colloidal
lithography and cast molding followed by reversal nanoimprint lithography [36,203], RIE coupled
with nanoimprint, and block copolymer micelle lithography [204]. For example, an antireflection
coating of a parabolic shape made of PMMA possesses nano-cone arrays having a base diameter of
85 nm and a height of 180 nm, which were fabricated by vacuum-assisted surface wetting
methodology employing an anodic aluminum oxide as a template with nanopore-pattern [193]. In
the 400-800 nm wavelength range, the coating demonstrated an average transmittance and
reflectance of 99.4% and 0.64%, respectively. Kim et al. developed an antireflective PMMA film with
nanopillar structure, which is produced by using thermal nanoimprinting. In this method, laser
lithography and dry etching are employed for preparing nanostructured silicon master imprint [5].
Such nanopatterns demonstrated reflectance lesser than 0.5% in the visible wavelength range. In
general, nanoimprint methodology is the commonly used fabrication method to architect diverse
nanostructures on the PMMA surface to achieve a high antireflective effect owing to its simple, large-
scale, and cost-effective production. Hence, the master molds dimension and shape must be sculpted
perfectly by using advanced technologies. However, by doing so, the overall cost might be expensive.

6.3.3. Poly (Dimethylsiloxane) (PDMS)

The PDMS is often employed as an antireflective encapsulation film to preserve the material and
optical devices from mechanical damage, rust, dust, and other contaminations [36]. These properties
are mainly due to the material characteristics such as hardness, strong adhesion, thermal stability,
oxidation resistance, formability, flexibility, and also good transparency. It has a low refractive index
of about 1.4-1.43, a closer value to that of glass [3,194]. Many studies have reported PDMS films with
nanostructures such as nano-cones, wrinkle structure, hemispheres, nanopillar, and moth-eye
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structures were used as AR coatings. While considering preparation techniques, soft imprint
lithography [18], molding process [205], self-assembly technique [206], biological template, and
plasma treatment are employed in fabricating PMMA [207-209]. For instance, Galeotti et al.
developed an antireflective PDMS film having a hemispherical nano-dome structure whose average
diameter is less than 300 nm [206]. For the PDMS film fabricated, the maximum transmittance of
about 95% is obtained, and reflectivity value was lesser than 2% relative to the uncoated sample in
400-900 nm wavelength range. Lim et al. fabricated inversely tapered nanoholes (NHs) structures on
the surface of PDMS film using soft lithography, which employs conical nanopillars structured Si
molds as a template [94]. The film is deposited on the outer surface of the glass coated with FTO. The
optimized PDMS film has NHs structures with a height of 320 nm and exhibited a reduced reflectance
of about ~ 7.1% at normal incidence in the span of 350-800 nm wavelength. When this film is
employed on DSSC, the PCE was increased from 7.15% to 7.56%. Dudem et al. developed a PDMS
coating having nano-nipple structures via soft imprint lithography technique on inverted micro-
pyramidal arrays [210]. The nano-structured PDMS coating deposited on ITO/PET demonstrated a
transmittance and reflectance of nearly 92.1% and ~ 9.5%, respectively. The same research team
developed subwavelength structured architecture PDMS (SWAPDMS) as an antireflection film by
the above-mentioned method on a glass substrate via Anodized Aluminum Oxide (AAO) molds. It
exhibited a flux-weighted transmittance of about ~ 95.4% and also a low flux-weighted reflectance
value of nearly 4.68% in 350-800 nm wavelength region. Zhang et al. designed a low-cost ARC using
PDMS having a wrinkled surface in which the relative PCE of the coated cell on average is enhanced
approximately by 13.6% [211].

6.3.4. Poly (Ethylene Terephthalate) (PET)

The PET is a transparent thermoplastic polymer which has an index of refraction of 1.58. The
advantages of this material include high transparency, good corrosion resistance, ultraviolet blocking
tendency, low-temperature resistance, and suitable mechanical property. A nano-cone array
embedded in PET film prepared by the RIE method is used as an AR coating that reported to have
self-cleaning properties [190]. This film demonstrated outstanding optical performance in 300-900
nm wavelength range, indicating a transmittance of ~ 97% and reflectance of ~ 0.5% with
superhydrophobic properties. The optical effects rely on the shape and size of nano-cone patterns
and duration of RIE. Kumar et al. developed a nano-porous AR-pattern by implementing a single-
step plasma etching technique on both sides of the PET surface [195]. The FESEM micrographs,
transmittance, and reflectance spectra are represented in Figure 23.
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Figure 23. (i) FESEM micrographs of (a) untreated PET (0 min) (b) treated PET for 15 min (c) 120 min
(d) 150 min; (ii) Transmittance spectra of untreated, one side treated and both sides treated PET. (iii)
Variation of reflectance for untreated and both sides treated PET. Reprinted with permission [195];
2016, Elsevier.

The coating showed broadband, and quasi-omnidirectional antireflection performance and an
optimized PET film resulted in a total transmittance of about ~ 98% in the wavelength ranging from
660-1100 nm and a reflection of ~ 3% at an incidence angle varying from 8° to 48°. The high
transmittance is primarily due to the gradient refractive index of the nanostructures. In this case, the
optical properties were depending on the etching time.

6.3.5. Other Polymers

Apart from the commonly used polymers for PV applications discussed above, researchers also
found many other polymers that address the Fresnel reflection loss. For example, Biswas et al.
prepared nanoporous poly (methyl silsesquioxane) (PMSSQ) through the sacrificial-porogen
approach that has been proposed as antireflection coatings [212]. In this method, the optical thickness
can be optimized by adjusting spin-casting speed and varying the amount of organic polymer which
controls the porosity and the solid content of the solution. The index of refraction ranges from 1.18 to
1.44 owing to the variation in the thickness ranging from 10 nm to 1 um. When fixing the refractive
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index at 1.3, a high transmission value of >99.7% is obtained in the visible wavelength span. Dai et al.
prepared a single layer coating of a polymer blend comprising of PMMA/PS nanoparticles and
deposited using a spin-coating technique demonstrated eminent AR performance [213]. The size of
the particles can be optimized by tuning the synthesis parameters, which significantly affects the
optical performance. The optimized antireflection coating exhibited a transmittance in the visible
range of about 99.17%. Further improvement can also be achieved via surface roughness
modification. The transmittance spectra and the image of the substrate at various conditions are
shown in Figure 24. A summary of polymer-based antireflection coatings is given in Table 5.
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Figure 24. (a) Transmittance spectra of uncoated substrate and coated substrate in visible range (b)
Images of substrate under bright light (1. Coated PMMA sheet; 2. bare PMMA sheet), (c) images of
substrate under normal light (1. Uncoated PMMA sheet; 2. one-side coated PMMA sheet; 3. both sides
coated PMMA sheet; 4. uncoated glass sheet). Reprinted with permission [213]; 2014, Elsevier.



Energies 2020, 13, 2631 49 of 98
Table 5. Polymer based antireflection coatings.
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6.4. Composites

For achieving a minimum reflection for broad wavelength span, layers of ARCs need to be
stacked. Researchers have developed many combinations of materials to improve the overall
antireflective property of the coating. Likewise, Liu et al. reported a bilayer of SiOz2 and TiO: film
fabricated through a facile sol-dip coating method having an excellent antireflective and self-cleaning
property [215]. The TiOzlayer enhances the self-cleaning ability of the film, and the SiO: layer having
a low refractive index acts as an AR coating. The maximum transmittance of DLARC at normal
incidence attained about 96.7%. Lien et al. prepared TiO2 SLARC, SiO2/TiO2DLARC, and SiO2/SiOz—
TiO2/TiO: triple-layer AR coatings and deployed on the silicon solar cells through sol-gel method
[216]. The average reflectance exhibited was 9.3%, 6.2%, and 3.2% in the 400-1000 nm wavelength
range for SLARC, DLARC, and triple-layer AR coatings, respectively. Further, it was reported an
enhancement of 39% in the PCE of the monocrystalline silicon cell, indicating the potential of low-
cost sol-gel processed ARC. The combination of 5iOzand TiO: film has many advantages, such as
excellent stability, photocatalytic activity, non-toxic, thermal stability, and chemical resistance [217-
222]. Tao et al. also worked on double-layer TiO2-SiO2 broadband ARC prepared by the sol-gel
technique [223]. The RI can be tuned from 1.19 to 1.45 by controlling the incorporation of TiO:z into
the SiO:2 layer largely consists of nanopores. The double-layer coating demonstrated the highest
transmittance and the average transmittance of 98.4% and 97.7% in the visible and near-IR region.
This work contributes to a different path to refine the refractive indices of ARC, which usually
depends on the preparation process parameters. Mazur et al. fabricated an ARC consisting of a
combination of five TiOz2and SiO: thin films, and a microwave-assisted reactive magnetron sputtering
method was employed for the deposition of these films [224]. The deposition of a thin TiO: layer
helps in achieving the photocatalytic effect, and the coating exhibited a WCA greater than 90°. The
overall transmittance of ARC was greater than 97% in the target wavelength range. The prepared
coating was scratch resistant, hydrophobic, photo-catalytically active, and possessed increased
hardness with good transmittance.

In order to achieve a low reflectivity, the usage of metallic nanoparticles on a thin dielectric film
[225-231], metal-dielectric-metal hybrid microstructure [232] is reported. Sun et al. prepared an ARC
composed of nanostructured Ag and silica coatings [233]. The transmittance and scattering
characteristics of the coating are improved by utilizing the localized surface plasmon resonance, and
the nanostructured Ag exhibited an increased forward scattering and low indices of refraction for
Ag/SiO: coatings. The transmittance values of ARCs with 0.10 wt % Ag annealed at 400 °C were 95.7%
and 97.2% for single-side, and both sides coated glass samples in the visible wavelength range.
Recently, Huang created a broadband low reflection ARC with Ag nanospheres on Si nanopillar
arrays [234]. The results showed that the average reflection reached up to 2.66% in 400-1100 nm
wavelength range owing to the AR properties of Si nanopillars and the forward scattering effect of
Ag nanospheres. The optical properties primarily depend on the dimensions of Si nanopillars and
Ag nanospheres and also on the period of the arrays.

Li et al. developed a composite ARC comprised of nanoporous ZnO/SiO: bilayer using a sol-gel
dip-coating method on the glass sample [235]. The refractive indices of 1.34 and 1.21 at 550 nm
wavelength is obtained for ZnO and SiO: layer, respectively. When the optical properties were
analyzed, a broadband AR performance was obtained throughout the solar spectrum with an
improvement of 6.5% and 6.2% transmittance in the wavelength span of 300-1200 nm and 1200-2500
nm, respectively. Salman et al. used ZnO/porous silicon layer as AR coating in which the porous
silicon (PSi) was prepared by photoelectrochemical etching methodology, and the ZnO layer was
coated on PSi layer by using radiofrequency sputtering technique [236]. A high-quality Zinc oxide
nano-crystalline coating was obtained, which was indicated by Raman measurements at room
temperature. The coating exhibited excellent antireflection properties with the lowest effective
reflectance in the 400-1000 nm wavelength range, which in turn raised the efficiency to 18.15%.
Another study reported a DLARC composed of MgF2 and ZnO nanorod layers [237]. The coating was
developed on gallium doped MgZnO transparent conducting oxide layer of CIGS solar cells. The
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global weighted reflectance was reduced to 5.5%, and the efficiency is enhanced to about 17%. This
enhancement is primarily attributed to a decreased reflection loss due to the gradually changing
refractive index of the DLAR coating.

Wuu et al. investigated liquid phase deposited Al203/TiOz double-layer antireflection coating on
polished Si substrate [238]. For Al:Os deposition, aluminum sulfate and sodium bicarbonate were
employed, and to deposit TiOz, a solution of ammonium hexafluoro-titanate and boric acid were
utilized. The deposition rate is controlled by the varying concentration of sodium bicarbonate and
boric acid. The optimized film exhibited an average refractive index of 1.58 and 1.76 for Al2Os and
TiO: films, respectively, and the average reflectance in 400 to 800 nm the wavelength range was 3.3%
for a thickness of 99 nm ALOs film and 89 nm TiO:z film. The structure and the measured reflectance
spectra are shown in Figure 25. Sharma et al. compared a single layer ARC of MgF2 and multilayer
composite ARC consists of Al203/TiO2/SiOz2, which are deposited using E-beam deposition technique
[239]. The thickness of each layer was optimized for both single-layer and multilayer ARC. The single
ARC and multilayer ARC exhibited a peak transmittance of 96.41% and 94.09%, respectively.
Rajvikram et al. employed cost-effective coatings with the structure of Al2O3/Ta20s/Al20s3 to minimize
the reflection loss and thereby, increasing the PCE of the PV cell [240]. Recently, Qiang-Ma et al. [241]
constructed and compared two quadruple layers of antireflection coating in which the top three
layers (SiO2/SiNx/SiNx) were common. The bottom layer of one quadruple ARC was composed of
the ALOs layer deposited by DC reactive magnetron sputtering, and the bottom layer of the other
quadruple ARC consists of 5iO:z layer deposited by PECVD. The solar cell coated with quadruple
ARC was compared with a solar cell coated with DLARC of SiNx:H, and it is found that the
reflectance of the quadruple layer coated cell is lesser than the other. Kim et al. prepared a novel self-
cleaning ARC using plasma-polymerized fluorocarbon (PPFC) on Nb20s/SiO2/Nb20s (NSN) tri-layers
[242]. The PPFC/NSN antireflection films demonstrated decreased reflectance in the visible range,
and it exhibited a reflectance of 1.71% at 528 nm wavelength for PPFC layer thickness of 70 nm. The
ARC also demonstrated a hydrophobic character having a water contact angle of 105°. When this
ARC is deposited on perovskite solar cells, its PCE was increased to 17%. The reflection spectra and
the TEM image is shown in Figure 26. Uzum et al. prepared a polymer-based composite antireflection
film by the spin-coating method [243]. The fabricated polymer-based ZrO: and surface deactivated
TiO2 multilayer composite film exhibited an average reflectance of 5.5%, and when these films
deposited on the silicon solar cells, the PCE was enhanced by 0.8% relative to the uncoated cell.
Rajvikram et al., adopted ZnS-5i02-ZnS multilayer coating on the solar panel, and a 3.5% rise in the
efficiency is obtained comparatively with the uncoated solar panel [244]. A summary of composite
antireflection coatings is provided in Table 6.
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Figure 25. (a) Structural diagram of double layer LPD-ALOs/LPD-TiO2 ARCs. (b) Variation of
measured reflectance for the LPD-ALOs/LPD-TiO2 DLARCs on polished silicon substrate and bare
silicon. Reprinted with permission [238]; 2015, Elsevier.



Energies 2020, 13, 2631 53 of 98

24

------ HC-PET film
——NSN

—— PPFC30/NSN
—— PPFC40/NSN
——— PPFC50/NSN
—— PPFCG60/NSN
—— PPFC70/NSN

[+
[

=

Reflectance (%)
=

8
et
0 1 1 I 1
400 600 800 1000 1200
Wavelength (nm)
(a) (b)

Figure 26. (a) Reflection spectra of HC-PET substrate film, trilayered NSN thin film, and
quadrilayered PPFC/NSN thin films in 350 to 1200 nm wavelength range. (b) Cross-sectional TEM
image of quadrilayered PPFC70/NSN thin film. Reprinted with permission [242]; 2019, Elsevier.
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6.5. Other Advanced Materials

Several researchers have contributed their efforts in this wonder material, ‘graphene” which has
a massive potential in the material sector possessing numerous desirable properties. It consists of a
two-dimensional carbon hexagonal ring with a uniform honeycomb crystal lattice structure.
Graphene can be warped to form fullerene (zero dimension), an allotrope of carbon. One-dimensional
carbon nanotubes (CNTs) can be formed by rolling the graphene layer or can be stacked on one
another to form a three-dimensional graphite structure. Moreover, it is regarded as an ideal material
for the electrode in PV devices and is extensively being researched. Such materials have also found
applications in PV devices as an active component in solar cells [247-250]. For instance, recently,
Auguita et al. reported an ultrathin graphene layer developed by stacking of layers and
nanotexturing of metal nanopatterns. This graphene layer possesses highly efficient optical
absorption properties over a broad wavelength range from mid-infrared (IR) to ultraviolet (UV) [251],
achieving a super broadband antireflectivity and a light absorption efficiency as high as 99%. Choi et
al. prepared graphene-based Schottky junction solar cells in which a graphene film is deposited on Si
substrate as an ARC to improve the performance [252]. The fabricated cell attained a PCE of 12.5%.
Kim et al. developed a Si quantum dots based solar cell in which graphene is used as transparent
conductive electrodes [253]. The graphene layer is doped with two different materials, such as AuCls
and silver nanowires. This layer also suppresses the reflection, and a maximum power conversion
efficiency of 16.2% is obtained.

Nicola et al. progressed an AR coating made of single-walled CNT (SWCNT) thin-film on Si
substrate. It is prepared by using a solution-processing method followed by dry-transfer printing
[254]. The optical properties rely on the thickness of the SWCNT coating, and the coating exhibited
broadband and omnidirectional AR performance. This research team also prepared multi-walled
carbon nanotube (MWCNT) on air-stabled silicon heterojunction solar cells by the vacuum filtration
process. The developed solar cell showed a PCE of about 10% when exposed to the air, even for a
month [255]. Fullerene and its derivatives are regarded as suitable candidates for PV devices owing
to their excellent geometric structure and high electron affinity. George et al. developed a functional
fullerene derivative and incorporated into the inverted PV configuration to improve the efficiency of
about 3% [256]. Contrarily, Wang et al. prepared the C60 pyrrolidine tris-acid (CPTA) film and
deposited as an electron transport layer by a spin-coated method on a perovskite solar cells (PSCs)
[257]. The PSC device with ITO and flexible substrate attained a power conversion efficiency of
18.39% and 17.04%, respectively. These materials are highly ascribed owing to their excellent
mechanical and electrical properties. In par with the development of the technologies, many
preparation techniques have been consistently improved to achieve smooth and reliable fabrication
methodology for these materials, and they have become pioneering materials for optoelectronic
devices.

7. Antireflection Coatings on PV Cell

The fundamentals for the antireflection coatings, analysis of AR coating’s reported structures
and surfaces, their commonly used method of fabrication, and a brief review on AR coatings on the
basis of materials used, are covered in the above sections. In this section, the currently used and
succeeded coatings are reviewed, whereas the previous section would give a grasp of possible
materials that have the prospective role in acting as antireflection coatings on PV modules.

Initially, in the solar cells, the antireflective properties are imparted by providing roughness on
the surface of the silicon wafer. Solar cells have then experimented with SiO and TiO2 ARCs in which
SiO2 wasn't optically favorable with silicon solar cells owing to its high refractive index and TiO:
ARC did not contribute to surface passivation although it is a better candidate for ARC. After years
of research and development, SisN4is found to be a suitable material for ARC with excellent surface
passivation properties that developed into an industry trend. The research work considered in this
section is reviewed based on distinct AR material coated on different types of solar cells and the
subsequent impact on its efficiency. Usually, the common materials are utilized for antireflection
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coatings on silicon solar cells are silicon nitride (SiNx), Silicon oxide (S5iOz), titanium dioxide (TiOz),
tin dioxide (SnQO2), zinc sulfide (ZnS), zinc oxide (ZnO) [258-261].

7.1. Monocrystalline Silicon Solar Cells

The monocrystalline silicon solar cells have specially opted for its good efficiency and ARC
materials such as ZnS, SiO:2 and TiO: have been researched with monocrystalline Si solar cells.
Gangopadhyay et al. reported a Zinc sulfide antireflection coating on monocrystalline Si solar cells
through chemical bath deposition (CBD). The work attempts to achieve an optimized molar
percentage for various chemical bath constituents to improve the refractive index, uniformity of film
deposited, and for effective reduction of reflection [262]. With proper optimization, high uniformity
along with a refractive index of 2.35 is obtained, which reduced the average reflection to about 0.655.
Considering the electrical parameters, the short circuit current is increased by 6.55%, and an
improvement in the PCE of 5% is obtained for chemical bath deposited ZnS ARC coating compared
to textured monocrystalline Si solar cells. The ZnS coated solar cell is reported to achieve a 13.8% PCE
over a large area (103 x 103 mm). Kern et al. have demonstrated a 44% increase in PCE after depositing
a single-layer TiO: antireflection coating [132]. Green et al. employed MgF2/ZnS DLARCs on silicon
cells and the efficiency is boosted to 19.1% [263]. Another study by Lien et al. analyzed three different
coatings, namely TiO2 SLARC, 5iO2/TiO2 DLARC, and S5iO2/SiO>-TiO2/TiO: triple-layer AR coating is
deposited on non-textured monocrystalline silicon cell through sol-gel spin-coating method [216]. By
controlling the spinning rate and the concentration of alcohol in the sol-gel solution, the film thickness
can be optimized. The results of such coatings with a triple-layer ARC, DLARC, and SLARC
demonstrated considerable improvement in the PCE by 39%, 32%, and 27%, respectively relative to
bare Si solar cell having a PCE of 11.36%. In other words, the PCE of the fabricated solar cell with
triple-layer AR coating achieved an efficiency of 15.85% with a cost-effective methodology.

Research by Xu et al. provided insight about double-layer ARC on crystalline solar cells, and
also their residual color was considered in this study. The coating consists of a dense silica layer at
the bottom and a top mesoporous silica layer [264]. The fabricated DLAR coatings exhibited an
average transmittance of about 99.02% in 380 nm to 780 nm wavelength range. When this coating is
applied to the crystalline silicon module, a 2.40% increase in PCE is obtained in relative terms. Qiang-
Ma et al. showed an optimum design of a quadruple-layer ARC structure for improving the PCE of
c-Si cells [241]. The work involved coating three different ARCs on different c-Si cells and subsequent
comparison of their performance. The first type coating includes a SiNx:H double-layer ARC, then
the remaining two quadruple-layer ARC (QLARC) consists of SiO:z top layer which is deposited on
two layers of SiNx:H which in turn, is coated on 5iO: bottom layer in one case and Al:Os bottom layer
in the other case, constituting QLARC-1 and QLARC-2 coatings, respectively. The PCE is reported to
be 14.25%, 14.43%, and 10.93% for QLARC-1, QLARC-2, and DLARC, respectively. It is observed that
the QLARC-2 structure has a slightly higher efficiency than the QLARC-1 structure, which can be
explained by the higher index of refraction of the Al2Os bottom layer when compared to the SiO:z layer
providing a favorable condition for multilayer antireflective structures. Karthik et al. reported a low
refractive index MgF2 ARC, on crystalline silicon solar cells prepared by the deformation-reformation
route [186]. The coating exhibited a high transmission in the selected wavelength region, and the use
of this coating on solar glass of c-Si cells had increased the efficiency of about 6%.

Salman et al. fabricated ZnO/Porous silicon (PSi) layer ARCs for c-Si cells [236]. Generally, the
integration of ZnO films with crystalline silicon is significant as it would induce stresses between the
materials owing to the large mismatch in the coefficient of thermal expansion. Thus, an interesting
case has been researched, and the ZnO/PSi layer ARC achieved an efficiency of 18.15%. Also,
Minemoto et al. succeeded in depositing ZnO thin films on spherical solar cells with a PCE of 11.8%
[265]. Gangopadhyay et al. used a nano-composite based antireflection coating to enhance the PCE
of c-Si solar cells [266]. An attractive concept of wrinkle surface-based AR coating can successfully
localize and trap the light. Also, large areas of wrinkles can be formed easily by cost-effective methods
[267-269]. These are much suitable for polymer-based thin-film solar cells [270].
Polydimethylsiloxane (PDMS) is used for this purpose, and diverse PDMS wrinkle patterns have
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been reported [271-273]. The main advantage is that PDMS can be prepared by surface modification
without using master molds [274,275]. Zhang et al. prepared a PDMS wrinkle film by surface
modification aided by plasma treatment and demonstrated that the coating could improvise the
efficiency in a relatively large incident angle. The average efficiency obtained was approximately
13.6% [211]. Basher et al. analyzed the impact of surface texturization in the photovoltaic performance
of the monocrystalline Si solar cell. The group fabricated three PV samples, out of which the Si wafers
of two samples are texturized with pyramidal structures using the wet-chemical texturization
technique [276]. The textured substrates exhibited a 1.66% decrease in the optical reflectance, and the
texturization improved the light-trapping ability, and the efficiency is almost twice that of the
untextured solar cell.

7.2. Multi-Crystalline Silicon Solar Cells

In general, single crystalline silicon (sc-5i) solar cells can be textured easily by using an alkaline
solution to texture a pyramidal structure that helps in absorbing more incident light [277]. But this is
not effective in the case of multi-crystalline silicon (mc-5i) cells as it leads to randomly oriented grains
[278]. Some studies suggest the application of RIE on both single crystalline and multi-crystalline
silicon wafers that enhances the PCE of the solar cells together with silicon nitride ARCs [279-281].
Contrarily, plasma texturization paves a path for achieving isotropically texturized multi-crystalline
silicon wafer, which cannot be achieved with conventional techniques adopted for crystalline silicon
wafers. A study reported a considerable increase in PCE (20%) of multi-crystalline Si cells through
the development of the plasma texturization process [282]. An attempt by Prasad et al. using SiNx:H
AR coating on mc-Si to obtain a low reflectivity. The performance of the cell demonstrated an
improvement of nearly 2.4% in the efficiency of the large area (149 cm?) mc-5i cell [123]. Slooff et al.
employed a polymer coating containing luminescent dye to improvise the efficiency of multi-
crystalline solar cell [283].

Recently, ZnO nanostructures have been employed on various solar cells to impart AR
properties (amorphous-5i [284,285], sc-Si [286-288], mc-Si [289], GaAs [290]). Lin et al. deposited
syringe-shaped ZnO nanorods on multi-crystalline silicon photovoltaic cells by a two-step aqueous
solution process and obtained an efficiency enhancement of nearly 41% with a value of 17.61% when
compared to those of bare surface [172]. Also, the use of the TiOz layer on mc-5i solar cells as an edge
for improving the photovoltaic performance of the device [291,292]. Hocine et al. worked on TiO:
antireflection coating on mc-Si solar cell [147], which was deposited by using an atmospheric
pressure CVD method (APCVD), a relatively low-cost technology compared to PECVD. The
fabricated solar cell achieved a PCE of 14.26%, with an enhancement of 3% compared to the reference
cell.

7.3. Thin-Film Solar Cells

The thin-film solar cells have gained significant attention in research due to their excellent solar
conversion properties and possible realizations on numerous substrates, even including polymer
substrates [293]. Singh et al. implemented SiNx as an index matching layer in a-Si thin-film solar cells
[294]. The study claims to reduce the reflection loss by engineering the silicon nitride films between
glass and TCO. The RI of the film is optimized in the range between that of glass and TCO. The
fabricated cell exhibited a reduced reflectance of 8% when SiNx is utilized, and the current density is
improved by 20%. Another approach by Wang et al. used combined sol-gel obtained SiO2 and metal-
organic CVD obtained Boron doped ZnO (BZO) thin films to enhance the efficiency of thin-film solar
cells. The structure of the novel AR substrate is SiO2 film/glass/BZO. The coating exhibited high
transmittance in the broad wavelength region of 350-1100 nm, and the performance of the coated a-
Si thin solar cells is enhanced from 9.83% to 10.24% [104]. Similarly, Al-doped ZnO is considerable
material that possesses good transparency, conductivity, and low-cost [295,296]. In line with it, Lu et
al. investigated the effect of aluminum-doped ZnO as an AR coating in thin-film Si solar cells [297].
Yang et al. simulated a dual AR design with multiple layers coated on both the sides of the glass
substrate, and the coated thin-film cell also possesses a back reflector. The optimized coating showed
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a very low reflectance of 2.58% in comparison with the ARCs on Si solar cells. Apart from it,
omnidirectional and broadband performance is obtained, and the spectrum averaged external
quantum efficiency accounts for 81.4% at an incidence angle of 75° [298]. Textured glass substrates
are highly suitable for Si thin-film PV technologies such as commercially available Asahi-U glass
substrate. Addonizio et al. utilized aluminium induced texturization (AIT) method to fabricate a
textured glass substrate for thin-film photovoltaic technology. The cell fabricated by the AIT method
shows a higher quantum efficiency in the entire wavelength range considered, yielding a better
antireflective property when compared to cell fabricated with Asahi-U substrate and flat glass
substrate. Also, the obtained short circuit current density is 13.9 mA/cm?, 10.9 mA/cm? and 13.7
mA/cm? for the cell fabricated on the AIT textured glass, flat substrate, and Asahi-U glass substrate [299].

7.4. Multi-Junction Solar Cells

The stacking of III-IV compound semiconductors with different bandgaps using tunnel junction,
which is also known as multi-junction solar cells, has the potential to extract more power from light
per sq. area as compared to that of single-junction solar cells [300,301]. These highly efficient solar
cells can remain effectual only by adopting proper antireflection coatings. Oh et al. prepared a
broadband antireflection coating for InGaP/GaAs/InGaAsP/InGaAs multi-junction solar cells [302].
ZnS and MgF: were used as antireflection coating materials that were deposited using the GLAD
technique. As expected, the outcome of ARC deposited multi-junction solar cells showed an
improvement in the PCE from 9.91% to 13.3%. Tsai et al. fabricated a graded refractive index film
with ZnO nanorods and TiOz layer, which is deposited on InGaP/GaAs/Ge triple-junction solar cells
to improve the omnidirectional photovoltaic performance [303]. The coating exhibited a weighted
average reflectance of about 6% over the wavelength range 380-1800 nm. Further, the coating is
hydrophobic with 128.2° WCA, and the enhancement of 31.8% in short circuit density is obtained for
the fabricated solar cell with omnidirectional performance. Thus, the proposed GRIN ARC is more
promising for the next generation of solar cells. GalnP/GaAs/Ge is a salient triple-junction solar cell,
and various antireflection coatings have experimented. Leem et al. used a composite DLARC of
S5i02/TiOz, and on depositing, the PCE was improved from 28.28% to 30.72% [304]. Hou et al.
deposited two variants of ARC consisting of SLARC SiNx and TiO2/A:Os DLARC on the
GalnP/GaAs/Ge multi-junction cell and the performance was improved from 23.45% to 27.17%, and
t0 29.91% corresponding to SLARC and DLARC [305]. Another study by Sertel et al. analyzed the
effect of Ta20ssingle-layer ARC and SiO2/Ta20s double-layer ARC on GaInP/GaAs/Ge triple-junction
solar cell grown by Molecular beam epitaxy method. The fabricated SLARC exhibited a reduced
average reflectance of 14%, while the DLARC showed only 7% reflectance [306]. The effect of this
low-reflectance is reflected in the performance of the triple-junction solar cell with an enhancement
of 6% and 19% corresponding to SLARC and DLARC, respectively. This also raised the EQE and
current density values in each sub-cell. Carbon nanotube — Silicon solar cells, and grapheme —Silicon
solar cells are of great interest as they are emerging rapidly in the field of photovoltaics. Shi et al.
fabricated a single layer graphene-silicon solar cells with colloidal AR coating of TiO2 material. The
AR coating deposited on the prepared solar cell has improved the short circuit current density, and
also, an enhancement of 14.5% in PCE is obtained [307]. Lancellotti et al. investigated the effects of
different graphene chemical dopants on multi-layer graphene/n-Si solar cells with the MgF2/ZnS
double layer antireflection coatings. The graphene chemical dopants utilized were nitric acid, and
thionyl chloride and a DLARC is deposited on this Schottky barrier solar cell through thermal
evaporation technique. In the case of HNOs based doping, a 100% enhancement is obtained while
190% improvement is obtained in the case of SOCl: when compared to pristine device. The
implementation of MgF2/ZnS DLARC significantly improved the PCE and, the combined optimized
doping and DLARC has resulted in a PCE of 8.5% [308].
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7.5. Gallium Arsenide Based Solar Cells (GaAs)

GaAs multijunction solar cells have been gaining attention consistently, which diluted the focus
on single-junction GaAs solar cells [309]. ZnO is usually a preferred material, mainly because of its
low cost, high-quality films, less toxicity, and its implementation is more straightforward [310-313].
Also, a single layer ZnO coating produces an equivalent enhancement of performance or even a cut
above the multiple-layer coatings for GaAs and Silicon solar cells [314,315]. Makableh et al. reported
an improvement in the performance of the GaAs cell by employing a Zinc oxide ARC deposited by
the sol-gel technique. The enhancement achieved for the fabricated scheme was 32% in efficiency and
51% in quantum efficiency [170]. Jung et al. used the popular MgF: single layer films on GaAs solar
cells but also investigated the effects of ZnS-MgF. DLARC and MgF»/ZnS-MgF. multiple layer
composite films which are deposited by using RF magnetron sputtering technique [316]. Low
reflectance is obtained at a particular wavelength with the SLARC, while the suppression of reflection
occurred in a wide wavelength when multilayer ARC is used combined with omnidirectional
performance. Also, several other approaches to enhance the GaAs solar cell performance were made,
such as texturization [317], the plasmonic effect [318,319].

7.6. Copper Indium Gallium Selenide Solar Cells (CIGS)

Shim et al. fabricated an omnidirectional double-layer AR coating to enhance the PCE of CIGS
solar cells. The coating consists of ZnO nanorods and MgF: film, and the film exhibited high optical
transmittance reducing the weighted global reflectance to about 5.5%, and the power conversion
efficiency was boosted by 17% [237]. Also, many studies focusing on SiOz-polymer based composite
coatings fabricated by a single step sol-gel technique to achieve the gradient refractive index structure
have potential in laser applications [320-323]. Related to this, a study by Li et al. employed
polyethylene glycol (PEG) and polyvinyl pyrrolidone (PVP) additives in silica sols to obtain a
modified SiO:-PEG and SiO»-PVP films using the sol-gel dip-coating technique. The study also
investigated the coating’s influence on the PCE of CIGS solar cells [245]. They achieved a very high
transmittance, and the relative efficiencies of coated CIGS cells were improved by 7.27% and 8.33%
for SiO2-PEG and SiO2-PVP, respectively. Such modified SiO: coatings possess advantages such as
good adhesion, high antireflective performance, low-cost manufacturing. Shin et al. researched a
novel moth-eye structured ZnO nanorod coatings as ARC on CIGS solar cells by a bottom-up process
[188]. The bio-mimicked AR coating reduced the average reflectivity of CIGS solar cell from 6.14% to
1.46%, and the PCE is enhanced from 10% to 11.5%. Rezaei et al. simulated double-layer porous MgF:
ARC using an effective medium approximation approach, and the study claims to shorten the
simulation time from four days to one hour [324]. A 6.8% enhancement is obtained in photocurrent
density. Further, the study uses a point-contacted MgF2/AlO:s reflector at the rear side of the cell, and
with the combined effect of ARC, the photocurrent density is boosted up to 11.3% relative to the
reference solar cell. Some studies impart texturization effects on the surface of ZnO:Al to improve the
performance of CIGS solar cells. For example, Dahan et al. obtained an improvement of 10% in the
short circuit current density of CIGS solar cells from the theoretical and experimental point of view
[325]. Another approach by Shimazaki et al. studied the effects of DLARC SiO/Al:Os deposited on
the surface of AZO, and as a result of which a 2.3% enhancement in short circuit current density is
obtained [326]. In general, the research employing porous film on CIGS solar cells is reported only in
a few studies. Wakefield et al. investigated the potential of mesoporous silica nanocomposite ARC
for CIGS thin-film solar cells. Despite the vacuum deposition approach, the study incorporated wet
deposition techniques to prepare a single layer of silica nanoparticle coating. The optimized coating
exhibited a moderate reduction in reflection, and the short circuit current is increased by 4.9% on
average [327]. Though it is a single layer coating, there is evidence that silica coatings improve the
optical performance at high angles of incidence, which is significant for PV application [328,329].
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7.7. Dye-Sensitized Solar Cell (DSSC)

DSSCs typically consists of a transparent conductive substrate, electrolyte, a working and
counter electrode. They belong to the third generation of solar cells and have gained significant
attention in the research field owing to their simple fabrication process and cost-effective production
[330-332]. However, the efficiency of DSSCs is still lesser than that of commercial Si solar cells owing
to high reflection loss, charge recombination, and power loss due to the resistance of the cell. Hence,
there is no doubt that the incorporation of ARC in DSSC is advantageous in improving the PCE of
the cell. In general, the SiO2 and ZnO thin films are deposited on the non-conductive surfaces of FTO
in order to suppress the reflection. Chanta et al. improved the efficiency of DSSC from 1.19% to 1.54%
by depositing a ZnO ARC on the FTO non-conducting surface, which resulted in higher light
transmission when compared to reference film [333]. Also, Chen et al. fabricated silica ARC through
a liquid phase deposition method and coated on the non-conducting surface of ITO by the action of
which the transmittance is improved and thus, the efficiency was increased to 6.03% from 4.76% with
a gain in the short circuit current density of 25.39% [334]. Li et al. employed DLARC consisting of
SiO2 and ZnO films in which the SiO:2 is deposited on the non-conductive surface of FTO by spraying
method while ZnO film is fabricated by sol-gel methodology and deposited on the conductive surface
of FTO. This ZnO layer also helps in restraining the charge recombination issues. The outcome was
indeed favorable, with an increase in the current density from 10.79 to 12.90 mA/cm?, and the PCE is
enhanced from 4.67% to 5.79% [335]. A study reported the use of a double-layer ZnO ARC in which
the bottom layer is RF sputtered, and the top layer is deposited by the sparking technique. The
stacking of ZnO layers of different morphologies resulted in a short circuit current density of 5.80
mA/cm? and a maximum PCE of 1.88 % owing to the improved transmission of light [336]. Li et al.
fabricated a high-performance broadband AR and superhydrophobic coatings consisting of silica
nanoparticles prepared by spin coating method, which is accompanied by calcination and
hydrophobic modification. The obtained silica nanoparticles possess a porous structure that
increased the roughness as well as the transmittance of the glass. In the wavelength range of 480-900
nm, the coating showed an absolute gain of 6% and a maximum transmittance of 99% at 580 nm
wavelength. The obtained WCA was 147° and the sliding angle was lesser than 10°. The effect of this
coating on the performance of the DSSCs is reflected as a 10.12% improvement in the PCE, that is, an
enhancement from 6.03 to 6.64% [337]. Titanium dioxide ARC is also researched and implemented
on DSSCs. Kiema et al. deposited a porous TiO: film by using oblique reactive e-beam evaporation
technique. The best performing DSSC with annealed films exhibited a PCE of 4.1% [80]. Lim et al., on
the other hand, focuses on improving the efficiency of the DSSC through polymer AR coatings. A
pattern of negatively tapered nanoholes on PDMS AR film is coated on the external surface of the
glass. The optimized coating helps in improving the current density of DSSC from 15.69 to 16.52
mA/cm? and the PCE is enhanced by 7.56% relative to the reference cell [94].

7.8. Organic Solar Cells (OSCs)

Organic photovoltaics is one of the pioneering research field among the third-generation solar
cells, which opened up broad applications in entirely different perspectives such as flexible solar cells,
transparent solar cells, building-integrated photovoltaics. OSCs are unique owing to their low
material cost, cost-effective processing methods, lightweight, high throughput, and compatibility
with flexible substrates over a large area [338-340]. The PCE of the OSCs has been continuously
improving, and the highest PCE attained has crossed 13% [341]. Moreover, OSCs are thin and is a
more promising candidate for further research. Focusing on ARC'’s influence on PCE, researchers
have also contributed to this aspect. Dudem et al. reported an OSC with subwavelength architecture
PDMS film as ARC, coated on a glass substrate, which enhanced both the transparency and the
efficiency of the cell. The optimized SWA-PDMS on glass possessed a period of 125 nm and a
diameter of 80 nm. Consequently, the coating exhibited a maximum average transmittance of ~ 95.2%.
On applying this coating on opaque and semi-transparent OSCs, the PCE was significantly enhanced
from 8.67% and 7.07% to 10.59% and 8.52%, respectively [209]. Leem et al. enhanced the efficiency of
the OSC with the use of hydrophobic antireflective PDMS films. The PDMS film consists of a 2D
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periodic inverted moth-eye pattern on the surface is coated on the glass substrate, which is utilized
in encapsulated OSC. The inverted moth-eye pattern is fabricated using soft imprint lithography. The
optimized structures are reported to have a period of 380 nm that exhibited hydrophobic
characteristics with a WCA of ~ 120°. The solar weighted transmittance of the coating is 94.2%, and
the efficiency of the OSC is increased from 5.16% to 6.19% [18]. Another study by Kim et al. employed
a ZnO nanorod array to enhance the efficiency of Bilayered Inverted OSCs. The periodically
patterned ZnO nanorod array influenced the light-trapping ability of the solar cell, and the bilayer
architecture in inverted OSC showed excellent stability combined with a maximum PCE of 5.95%
[155]. Leem et al. proposed a biomimetic moth-eye nanoarchitecture as a plasmonic structure to
enhance the OSC’s efficiency. This involves ZnO moth-eye structured nanoarchitecture that is grated
as hexagonal periodic arrays on both the front and rear surface of the active layers [159]. Also, these
structures are prepared by a cost-effective soft imprint nanopatterning technique. The ultimate
enhancement in the PCE was 6.28%, from 5.12% corresponding to the pristine device.

7.9. Perovskite Solar Cells (PSCs)

The perovskite solar cells (PSCs) are proven to be high-efficient solar cells [342] and typically
use transparent conductive oxide (TCO) glasses like ITO and FTO. Usually, in the PSC devices, there
is a trade-off between the optical transmittance and the sheet resistance of TCO meaning, the use of
thick TCO can reduce the sheet resistance, but it affects the optical transmittance and this trade-off
impacts the efficiency of PSCs. The antireflection coatings can aid in enhancing the light-harvesting
property of the PSCs. Luo et al. fabricated an AR coating for perovskite solar cells based on silica
nanospheres [119]. The coating is deposited using spin-coating techniques, and the microstructure
and the thickness are regulated by adjusting the speed of the spin. The optimized ARC coating
reduced the reflectance in a wide wavelength span, which boosted the efficiency from 14.81% as
exhibited by reference PV cell to 15.82%. An interesting study by Kim et al. demonstrates a novel self-
cleaning antireflective coating composed of plasma-polymerized fluorocarbon (PPFC) on
Nb205/5i02/Nb20s (NSN) tri-layers deposited on PSC using a continuous roll-to-roll sputtering
process [242]. The coating confirmed the self-cleaning and antireflective properties, and also the PCE
of PPFC/NSN/HCPET/PSC was found to be 17%. A study by Dudem et al. reported the potential of
PDMS film as an ARC in perovskite solar cells. The PDMS layer possessed an inverted micro-
pyramidal structure and is fabricated by a cost-effective and facile method of soft lithography via
master mold having a micro-pyramidal structured Si. The transmittance is improved, and thus, the
PCE of the reference cell, flat PDMS coated cell, and inverted pyramid structured PDMS coated cell
were 17.17%, 17.42%, and 17.74%, respectively [192]. Further research is required to find suitable
materials supporting antireflective properties for perovskite solar cell applications.

7.10. Heterojunction and Hybrid Solar Cells

Heterojunction solar cells is a pioneering field of research in the photovoltaic industry owing to
their characteristics such as higher efficiency [343,344], short processing time, low thermal budget,
and when compared to diffused homojunction c-Si solar cells, the processing cost is low [345]. Similar
to homojunction Si solar cells, the heterojunction solar cell also suffers from metallic shading losses
and Fresnel reflection losses. Zhang et al. simulated and experimented with the effects of
texturization on the heterojunction solar cells and also compared them with that of flat cells. Also,
the usage of double-layer ARC (SiOx layer and ITO layer) plays a role in improving the efficiency of
the cell by combined reduction of reflection loss and the parasitic absorption losses owing to the
thinner ITO layer. Ultimately, the experimental observation shows that the textured heterojunction
solar cell with DLARC has a short circuit current density of 40.5 mA/cm? and a PCE of 19.0% [346].
Hussain et al. employed ZnO as an active n-layer and also as an ARC for Si-based heterojunction
solar cells. This approach can save the cost and complexity as the ZnO layer acts as both front n-layer
and ARC. The optimized simulation results yielded a 19% PCE with a fill factor of 81% [347].
Sachchidanand et al. investigated the combined role of metal nanoparticles and nanopyramid array
in improving the light-trapping ability of the poly(3,4-ethylenedioxythiophene) polystyrene
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sulfonate (PEDOT:PSS)/c-Si nanopyramid based hybrid solar cells. By using a 3D finite-difference
time-domain method, the enhancements are simulated. With the top nanopyramid textured arrays,
the maximum current density was 35.91 mA/cm? while when combined with the effect of insertion
of Al metal nanoparticles at the rear side of the hybrid solar cell, the current density increased to 41.71
mA/cm? which is 44.47% improvement relative to the planar hybrid cell [348].

7.11. Other Types of Solar Cell

Apart from the solar cells discussed in the above subsection, some novel and non-Si solar cells
are grouped here as only a few research works in these classes of solar cells deal with performance
enhancement by means of implementing antireflection coatings. These solar cells primarily include
CdTe solar cells, quantum dots solar cells, Tandem solar cells, and concentrated photovoltaics.
Concerning CdTe cells, Hu et al. fabricated silica thin film and layers of SiO2 nanoparticles through a
sol-gel method, which is deposited on the glass substrate of CdTe solar cell [349]. The resultant
coating exhibited a transmittance of 98% at 390-870 nm wavelength range with WCA of 97° meaning,
the coating possesses hydrophobic nature and also, the damp heat test, Light-tact, and ultraviolet
radiation test imply good stability of the fabricated coatings. Womack et al. stacked layers of silica
and zirconia films which are deposited using reactive magnetron sputtering. The enhancement in the
short circuit current density was 0.65mA/cm? and the PCE is improved by 3.6% relative to the
reference cell [350]. Quantum dot solar cells (QDSCs) is an emerging candidate in the third generation
of solar cells. Some unique qualities of QDSCs are tunable bandgaps, high absorption coefficients,
and multiple exciton effects [351,352]. Lay et al. fabricated an innovative InGaAs quantum dots-in-a-
well solar cells which exhibited a short-circuit current density of 17.4 mA/cm?, and the PCE of 8.7%.
The solar cell is then coated with ALOs/HfO: ARC, and as a result, the performance is further
improved, having a current density of 23.5 mA/cm? and the PCE is enhanced to 11.8% [353].
Implementation of ARC in a tandem solar cell is a challenging process. However, Zhang et al.
successfully employed a hybridized hollow silica nanosphere coating as ARC either on one side or
both the sides of glass superstrates of tandem solar cells. The ARC deposited on both sides
demonstrated the largest enhancement in the current densities, which accounts for 4.20% and 7.53%
for top and bottom subcells, respectively [354]. Considering CPV application, the ARC should possess
broadband high-performance antireflection properties approximately covering 300-2000 nm
wavelength range. Agustin-Sdenz et al. employed methyl-silylated silica coatings as ARC, and it
exhibited great stability, hydrophobicity, high optical performance in broad wavelength range
[107,355]. The plasmonic solar cells are detailed in Section 8.1. The most common antireflection
coatings on the PV cell and its influence on PCE are represented in Table 7.
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Table 7. Antireflection coatings on PV cell.
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Type of PV Cell AR Coating Material Fabrication Technology PCE (%) Reference
Mono-crystalline solar cells ZnS Chemical bath deposition 13.80% [262]
Mono-crystalline solar cells 5i02/5i02-TiO2/TiO2 triple-layer ARC  Sol-gel method 39% improvement [216]
Crystalline solar cells Mesoporous DLAR silica Sol-gel 2.40 times increase [264]

(i) SiNx:H double layer (i) 10.93%
L (if) SiNx:H and SiO2 quadruple layer DC reactive magnetron o ;
Crystalline silicon solar cells (iii) SiNx:H, SiO2 and AI203 sputerring and PECVD 82)1144'2:3{; [241]
quadruple layer o
Crystalline silicon solar cells Polydimethylsiloxane (PDMS) lon-beam etching and plasma 13.60% [211]
treatment
L Deformation-reformation .
Crystalline silicon solar cells MgF2 6% improvement [186]
approach
Photoelectrochemical etching
Crystalline silicon solar cells ZnO/PS layers and radio frequency sputtering 18.15% [236]
method
Multi-crystalline silicon solar cells ZnO nanorod arrays ;‘Zt(;z;ep aqueous solution enhancement of 41% [172]
Multi-crystalline silicon solar cells  TiO2 Atmospherlcf Pressure chemical increased from 11.24% to 14.26% [147]
vapor deposition
Multi-crystalline silicon solar cells ~ Silicon nitride Plasn}a textur.l zation and improvement up to ~ 2.4% [123]
chemical etching
Thin film solar cells Si0O2 and BZO Sol-gel and MOCVD method Enhanced from 9.83% to 10.24% [104]
Multi-junction solar cells ZnS and MgF2 Glancing angle deposition improved from 9.91% to 13.3% [302]
.. . (i) Ta205 SLARC . enhancement of (i) 6% and (ii)
Multi-junction solar cells (if) Si02/Ta205 DLARC Molecular beam epitaxy method 199 [306]
GaAs p-n junction solar cell ZnO Sol-gel method 32% enhancement [170]
CiGS solar cells MgF2 and ZnO RF sputtering and hydrothermal boosted by 17% [237]
method
) (a) SiO2 -Polyethylene glycol (PEG) . . (a) increased by 7.27%
1 11 l-gel 24
CIGS solar cells (b) SiO2polyvinyl pyrrolidone (PVP) Sol-gel dip coating process (b) increased by 8.33% [243]
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Perovskite solar cells

Perovskite solar cells

5102

ZnO nanorods

Silica
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PDMS film
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Silica
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Liquid phase deposition
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Roll to roll sputtering and
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Spin coating

increased from 11.66% to 12.59%

increased from 10% to 11.5%

increased from 4.76% to 6.03%
enhanced from 4.67% to 5.79%
increased from 5.16% to 6.19%
enhanced from 5.12% to 6.28%

17%

Increased from 14.81% to 15.82%
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8. Advanced Light-Trapping Techniques

Enhancing the conversion efficiency in the solar PV cells requires improved transmittance of
light from the ambient to the active PV material and subsequent absorption of photons by the active
material. Moreover, the spectral sensitivity of the commonly used active material (Silicon) is effective
only within the visible range, which results in significant loss of available energy before photovoltaic
conversion. To resolve this problem, some novel strategies such as the plasmonic assisted absorption
enhancement, spectral modification techniques, and other innovative light-trapping structures can
be implemented to enhance the absorption. An insight into these strategies is provided in this section.

8.1. Plasmonic Structures

The concept of plasmonic in confining or directing the light at the metal-dielectric interface has
vast potential to trap the light in the solar cells. This novel method makes use of metal nanoparticles
that supports surface plasmons (excitations of conduction electrons at the interference of metal and
a dielectric medium). By the proper incorporation of metal nanostructures in the solar cell, the light
can be directed or concentrated in the active material to maximize the absorption [356]. Plasmonic
structures have been reported in at least three different configurations, which include plasmonic
structures deposited on the surface of the cell, structures embedded into the active layer of the cell,
and structures at the interface between the semiconductor and the metal electrode [357]. The various
configuration is illustrated in Figure 27.

ON THE SURFACE IN THE ACTIVE LAYER
n-type
semiconductor
p-type
semiconductor

Back electrode ——»

CONFIGURATION 1 CONFIGURATION 2

AT THE SEMICONDUCTOR-METAL INTERFACE

M

CONFIGURATION 3 CONFIGURATION 4

Figure 27. Various light-trapping configurations for plasmonic assisted solar cells.

The various configuration makes use of different optical phenomenon to achieve light trapping
ability. In the first configuration, the light is scattered by the metal nanoparticles at high angles and
are trapped and dispersed in the semiconductor film. This results in an increased effective optical
path length inside the cell and thus enhancing the light absorption. The second configuration makes
use of the strong localized field around the excited metal nanoparticles to improve the light-absorbing
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ability of the semiconductor. The third configuration improves the optical path length by back-
scattering the incident light back to the substrate. In the fourth configuration, light is trapped by the
excitation of surface plasmon polaritons, and the light is propagated along with the interface in the
semiconductor plane. In this configuration, a metal grating consisting of periodically arranged
nanostructure placed at the interface of semiconductor and metal is used.

Apart from the configurations, it is also reported that the shape and size of the metal
nanoparticles also have a significant impact on the in-coupling efficiency [358,359]. Simulations by
Catchpole and Polman give a clear understanding of the influence of various shape and size of
nanoparticles employed [358]. In short, the cylinder and the hemispherical shape resulted in higher
optical pathlengths than the spherical shape. From observation, it is also seen that the smaller the
size, the better is the forward scattering of light, but very small structures would suffer from
significant ohmic losses. Further, from the material aspects, they employed gold and silver
nanoparticles, out of which Ag provided increased optical pathlengths than Au for the same dimension.

Various materials have been reported in plasmonic enhanced solar cells such as silver, gold,
titanium dioxide, aluminum, and so on. Matheu et al. investigated the electromagnetic scattering of
Au and silica nanoparticles positioned at the top of the silicon PV device and their influence on the
photocurrent generation [360]. The diameter of the gold and silica nanoparticles fabricated were 100
nm and 150 nm, respectively. The scattering effects of the nanoparticles have enhanced the
photocurrent by 2.8% for Au nanoparticles and 8.8% for silica nanoparticles in silicon PV cells. Zhang
et al. analyzed the effect of surface plasmon resonance in enhancing the optical absorption in thin Si
solar cells [361]. The group employed aluminum nanoparticles and examined the influence of particle
size and the space between the particles in improvising the optical path length. The simulation
showed a maximum enhancement of 40% in absorption for incorporating aluminum nanoparticles of
diameter 100 nm with a period of 150 nm. Zhang et al. experimented and simulated the influence of
incorporated Al nanoparticles together with the deposited AR coating on multi-crystalline silicon
solar cells [362]. An averaged diameter of 100 nm Al nanoparticles is used, and the enhancement in
photocurrent generation of 0.4 mA/cm? is obtained, which boosted the power conversion efficiency
of industrial standard textured multi-crystalline Si solar cell from 14.2% to 14.5%. This study shows
that the light trapping ability influenced by the different mechanisms (for ARC and plasmonic
structures) can be combined on a single device to obtain substantial enhancements. Such devices
would provide a low-cost solution with the use of abundant materials like aluminum and silicon-
based materials.

The prospects of absorption enhancements due to a near-field plasmonic effect in the
semiconductor are enormous. Spinelli and Polman incorporated silver nanoparticles in the
semiconductor materials and analyzed the light interaction and absorption enhancements through
simulations [363]. The absorption enhancements are analyzed for Ag nanoparticles with diameters
ranging from 5 to 60 nm for crystalline silicon, amorphous silicon, polymer blends, and Fe:0s. The
absorption was significantly affected by the ohmic losses in all the cases. The result showed nearly a
20% absorbance enhancement in crystalline Si, and 24% enhancement is seen in Fe20s3. A 100 nm thick
polymer blend layer yielded an enhancement in absorption from 17% to 34% over the wavelength
range of 300-1100 nm. Another study by Wang et al. demonstrates the importance of optimizing the
reflectors in the case of using grating structures at the rear surface of the semiconductor [364]. The
simulations investigated the light trapping properties of the 2D diffraction grating formed by silver
discs or TiO2 pillars, which is positioned at the solar cell rear surface. By optimizing the grating
dimensions and the distance from the reflectors, the short circuit current enhancements of about 67%
and 45% were obtained for silver and TiO: nanoparticles, respectively. Prabhathan and Murukeshan
proposed a surface plasmon polariton (SPP) waveguide coupled with back reflector. They employed
an aluminum thin metal layer as SPP grating in the simulation and obtained optimized dimensions
for the metal layer and the back-reflector distance that yielded maximum enhancements [365]. The
maximum absorption enhancement of 153% is obtained for thin-film silicon solar cell with a silicon
substrate thickness of 220 nm with 20 nm thickness of the SPP thin metal layer and at a 30 nm distance
from back metal. The crux of some simulation-based and experimental-based work on plasmonic
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enhanced solar cells have been described in Table 8 in which the various work has been categorized
based on the configuration used (configuration 1-4 shown in Figure 27).

The main advantage of incorporating the plasmonics in the solar cell is seen as a reduction in
the thickness of the silicon substrate for a given optical absorption. Thin-film solar cells are
economical, but they poorly absorb the light as the substrate is thin. In such applications, plasmonics
can play a more prominent role and improve their light-absorbing ability. Many designs have been
proposed for attaining plasmonic enhanced solar cells, and the usage of abundant material like
aluminum and silica nanoparticles have the potential to enhance the light absorption in solar cells
with low-cost investment. Also, they can be coupled with antireflective coatings to boost the
efficiency of the solar cells further.
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Table 8. Various plasmonic enhanced solar cells with different light trapping configurations.
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Configuration

Material

Substrate

Material
Structures

Dimensions

Category

Results

Reference

Agand Au
nanoparticles

Silicon

Cylinder

Hemispherical

Spherical

d =100 nm, h=50 nm

d =100 nm

d =100 nm & 150 nm

Simulations

Cylindrical and
hemispherical shapes
exhibited improved path
lengths than spherical
shaped particles. Also, Ag
particles provide better path
length enhancements than
Au particles

[358]

Au and silica
nanoparticles

Silicon

Au—d =100 nm

Silica—d =150 nm

Simulation and experiment

Photocurrent enhancement of
2.8% and 8.8% in crystalline
Si PV were obtained for Au
and silica nanoparticles,
respectively

[360]

Aluminum
nanoparticles

Silicon

Spherical

d =100+ 30 nm

Simulation and experiment

Photocurrent improvement
of 0.4 mA/cm2 was achieved
due to the incorporation of
Al nanoparticles in SiNx AR
coatings deposited on
textured multi-crystalline Si
solar cells

[362]

Aluminum
nanoparticles

Silicon

d = Varied from 60 to 220 nm

Simulation

The enhancement factor
increase as the size of
nanoparticles increases up to
100 nm. Maximum
absorption enhancement of
40% is obtained for Al
nanoparticles with d=100 nm
and 150 nm period

[361]

Ag
nanoparticles

Crystalline Si,
amorphous Si,

d =5 to 60 nm

Simulation

Significant Ohmic losses in
the metal dominate the
absorption in ¢-Si, a-Si, Fe2Os,

[363]
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polymer blend
and Fe203

and polymer blend. 5-fold
enhancement in c-Si while a-
Si cannot be sensitized.
Absorption can be enhanced
by 17-34% in the polymer
blend

Ag, Au and Al

Spherical metal
nanoparticles

d=10nm

Simulation

Evaluation of the potential of
spherical metal nanoparticles
in enhancing the light
absorption by embedding
them into thin-film solar cells

[366]

Ag and TiO2

Silicon

Silver discs and
titanium
dioxide pillars

Ag—d =200 nm, h=50nm

TiO2—d =400 nm, h =300
nm

Simulation

Enhancement of short circuit
current of about 67% and
45% for silver and TiO2
nanoparticles, respectively

[364]

Silicon

Spherical gold
nano colloids

d =100, 150 and 200 nm

Experiment

Superior enhancements of
photocurrent are obtained by
incorporating plasmonic
back reflectors with 150 and
200 nm Au metal
nanoparticle

[367]

4 Aluminum

Silicon

Thin metal layer
(SPP grating)

Thickness = 20 nm
Length =1.5 um
Spacing = 100 nm
Distance from back metal =
30 nm
Silicon substrate thickness =
220 nm

Simulation

Improvement in the
absorption for an ultrathin Si
solar cell is about 153% in the
wavelength range of 400—
1100 nm

[365]

d—Diameter of the structure, h—Height of the structure, Configuration 1 —Nanoparticles on the surface, Configuration 2—Nanoparticles in the active layer, Configuration

3—Nanoparticles at the semiconductor- metal interface, Configuration 4—SPP grating structures at the semiconductor- metal interface.
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8.2. Spectral Modification

Generally, silicon solar cells work effectively on a narrow wavelength range (in the visible
range), and only photons having appropriate energy can support the photovoltaic conversion. Thus,
the photons having lesser energy cannot promote the electrons to the conduction band, and this
insufficient excitation energy is thermalized. Also, the photons having higher energy than required,
promote the electrons to the conduction band, and the remaining energy is converted into heat
energy. This generated heat raises the device temperature, and in turn, decreases the power
conversion efficiency. Thus, concepts of spectral modification are developed to encounter this issue
by converting the photons of higher energies and lower energies into the desired levels of energy. By
doing so, the efficiency of the cell is enhanced as well as the heat generation is minimized. There are
mainly three methods for accomplishing spectral modification that includes photoluminescence (PL),
down-conversion (DC), up-conversion (UC) techniques. The down-conversion and
photoluminescence techniques convert the higher energy short-wavelength photons (typically 350-
550 nm) into lower energy longer wavelength photons (typically 500-1000 nm) while the up-
conversion technique transforms the lower energy photons to the higher energy photons [368].
Technically, the transparent host material is imparted with active ions, which absorbs the incident
light and gains the excitation energy. In the case of photoluminescence and down-conversion, the de-
excitation of this active ions occurs in two stages, with the only difference that in PL, the first de-
excitation is non-radiative one and the following second stage relaxation involves radiative photon
emission while in DC, both the stages of de-excitation involve radiative emission. The up-conversion
technique, on the other hand, occurs by the sequential absorption of two photons of lower energy
and the emission of single high energy photon. The illustration of the process is represented in Figure 28.
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Figure 28. Schematic illustration of various spectral modification methods.

The quantum efficiency (QE) is the ratio of the number of the photons emitted to the number of
incident photons absorbed. Since the DC technique involves the absorption of single high energy
photons and the emission of two low energy photons, the quantum efficiency of DC exceeds 100%,
whereas the PL technique would have a QE lesser than or equal to 100%. The down-conversion
technique, also regarded as quantum cutting, is usually attained by doping active ions of divalent or
trivalent lanthanide elements into the transparent host material [369-371]. These lanthanide ions have
abundant active states owing to the atomic structure that allows them to absorb light and emit
photons at the broad spectrum from UV to IR [372,373]. This technique can effectively reduce the
thermalization losses contributed by the high energy photons and also assist in increasing the
photocurrent generation. Svrcek et al. employed silicon nanocrystals for effective down-conversion
from blue photons (nearly 450 nm) to red photons (about 680 nm) to enhance the organic and hybrid
organic/inorganic heterojunction solar cell [374]. By implementing the DC spectral modification, the
photocurrent under concentrated sunlight was enhanced by 24%. Fukuda et al. utilized wavelength
conversion film (WCF) that consists of Eu chelate particles encapsulated in silica glass obtained from
the sol-gel process. The Eu chelate excitation spectrum demonstrated that the violet light below 400
nm is converted into red light of 613 nm [375]. Moreover, the PV cells possess higher sensitivity
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towards red light than compared to violet light, which makes the Eu chelate more appealing for
photovoltaic applications.

The upconversion technique can be used to match the lower energy portion of the solar spectrum
to the effective absorption spectral range of the solar cells. The quantum efficiency of UC technique
lies well below 100% as two photons of lower energy is absorbed to yield a single high energy photon.
Similar to down-conversion techniques, nanoparticles of lanthanide series (rare earth elements) is
used to dope the host material [368]. Chen et al. employed lanthanide-doped nano-phosphors as UC-
converters to harvest sub-bandgap photons for organic solar cells [376]. An improvement in the short
circuit current in the UC film deposited device was found to be 1.6% under one sun irradiation. Many
materials have been experimentally researched for up-conversion techniques, and there is no
significant improvement in PCE of the solar cells under AM1.5 solar conditions. Also, other
considerations of implementing hybrid light trapping techniques such as ARCs and spectral
matching on a single device are of great interest. A detailed investigation of spectral modification
techniques is provided in referred studies [368,377].

8.3. Potential Light Trapping Structures

It is pivotal to improve the optical absorption of silicon solar cells by increasing the optical path
length. This will result in thin silicon solar cells that ultimately help in reducing the cost. Although
the implementation of AR coating film and texturization on the front side significantly reduces the
reflection losses, there is still some part of the light that passes through the cell without absorbing
photovoltaic conversion. Hence, broadband absorption enhancement is another potential area in
which PV efficiency can be substantially improved. From the theoretical aspects, Yablonovitch
proposed a thermodynamic limit using a statistical ray optics approach, which implicit the minimum
thickness needed for complete absorption of the solar spectrum or maximum light absorption a
homogeneous absorber material can obtain for a given thickness [378]. Researchers have been
simulating and experimenting with nanophotonic structures and other innovative textured surfaces
to attain this limit. This section would provide an insight into some innovative structures that
enhanced the absorption and nearly attained or conquered the Yablonovitch limit.

The pyramidal texturization effectively suppresses the reflection taking place at the top surface
due to the so-called “double bounce effect” [379,380]. In recent studies, it is seen that ultrathin silicon
cells with double-sided texturization have been proven effective in simulations [381-383], and also
experimental analysis of double-sided pyramids provided superior results in crystalline Si solar cells
[384,385]. Guan et al. designed and simulated an ultrathin crystalline silicon solar cells with front and
double-sided pyramids. By optimizing the pyramid shape, the maximum photocurrent density of
front pyramids and double-sided pyramids is found to be 36.23 mA/cm? and 37.71 mA/cm?,
respectively [386]. The double-sided pyramidal structures not only suppresses the reflection, but also
improves the optical absorption at long wavelength range that made the absorption to reach the
Yablonovitch limit. The calculated PCE for plane solar cell, front pyramidal, and double-sided
pyramidal textured cells are found to be 16.94%, 19.65%, and 20.45%, respectively. Wangyang et al.
characterized silicon square nano-conical frustum (SiSNF) arrays for PV application through
simulation. The solar cells based on the optimized SiSNF yielded an ultimate efficiency of 31.60%,
which is 3.47% higher than that of silicon hexagonal nano-conical frustum (SiHNF) arrays of textured
surface-based solar cells, which is close to perfect Yablonovitch surface [387]. Also, it is observed that
efficiency is unaffected by the incident angles and top diameter. Another study by Ma et al. also
focusses on the efficient enhancement of ultrathin c-Si solar cells by using composite grating
structures [383]. The group utilized three-dimensional, rigorous coupled-wave analysis to investigate
the light absorption characteristics of the used composite grating structures, and it is observed that
the light absorption approached the Yablonovitch limit in both IR and visual regions of the spectrum.
The photocurrent density of the optimized structure is 33.9 mA/cm? at 2 um equivalent thickness.

Some studies have also claimed to achieve an optical absorption beyond the Yablonovitch limit.
This is because the limit is applicable only for geometrical optics of homogeneous materials but not
for emerging subwavelength spectral absorbing technologies that include photonic crystal based-
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cells, wire-based cells, ultra-thin, or inhomogeneously structured cells [388]. For instance, Konedana
et al. demonstrated the possibility of attaining an optical absorption beyond the Yablonovitch limit
by using subwavelength Si light funnels arrays on silicon-on-insulator (SOI) substrates. And they
obtained nearly 5% absorption enhancement beyond the limit [389]. Wang et al. designed a highly
efficient light-trapping structure inspired by natural evolution, and the optimized structure exhibited
a 3-fold enhancement beyond the Yablonovitch limit with the broadband absorption efficiency of
48.1% [390]. An interesting study by Saeta et al. deals with the dipole scatterers embedded in the
absorbing layers to enhance the optical absorption in thin metal-backed solar cells. Massive
absorption enhancements were observed for strongly coupled dipoles, and a Si:H AR coating of 100
nm thickness on Ag absorbed about 87% of incident above-gap light [391].

9. Effect of Ageing and Environmental Exposure in ARCs and PV Devices

The implementation of ARCs on the solar cell would suppress the reflection, and in turn,
enhances the PCE, but their durability with continuous exposure to the environment and
performance degradation characteristics are some novel areas where research is required. Any device
or material is subjected to degradation with time. When considering antireflective coatings, the
degradation may occur in terms of disintegration between substrate and coating or within different
layers, penetration of contaminants, degradation due to weather conditions, and temperature
influence. Also, there exists a possibility of adsorption of water or moisture into nanoporous
antireflection coatings that can eventually increase the refractive index resulting in a performance
degradation [392]. In general, the kinetics of degradation is not fully known concerning PV devices
and antireflection coatings, since only little works have been contributed in this domain. The
characterization of performance degradation with time and environment can be either observed in a
real-time experiment or in a potentially simulated environment to predict the outcome or can be
subjected to accelerated ageing tests. Toth et al. performed a durability study on photovoltaic glass
coatings as part of a five-year experiment held at five different locations across the world. The prime
aspect of their work is to investigate the effects of soiling and cleaning on the coated samples. They
observed contaminations including soiling, biological contaminants, and also the impacts of different
cleaning methods such as effects of using a dry brush, wet sponge and squeegee, or low-pressure
water spray [393]. The impact of damage by soiling depends on the environment and climatic
conditions. Still, we need a thorough analysis of the influence of these parameters such as soiling,
cleaning, temperature, climatic conditions on power generation of PV cells, or in terms of
performance degradation of ARCs. Abraham et al. investigated the durability and the deterioration
of the surface and optical properties for fabricated bifunctional hybrid silica sol-gel coatings by
performing an aqueous soaking test at various pH levels [394]. This study also suggests the retrieval
of optical properties via heat treatment either entirely or partially. Another study by Zhang et al.
fabricated dual-precursor derived antireflective coatings consisting of hollow silica nanospheres. The
coating exhibited a 5.08% increase in average transmission in the 300-1200 nm wavelength range.
The coating is subjected to ultra-long highly-accelerated temperature and humidity stress for 120 h,
which is equivalent to a damp heat test at a temperature of 85 °C with a relative humidity of 85% for
5000 h and the deterioration in transmission was found to be below 0.6% [395]. Further, this ARC is
deposited on crystalline Si mini-modules, and after performing dust settling and removal tests, the
solar cell is observed to have a degradation of 1.15% in power conversion efficiency. Such test
techniques can claim the durability of the coatings in a harsh environment, and many similar testings
are encouraged for different AR materials to observe the stability and durability of the coatings. These
factors are essential to relate the ageing effects in ARCs and their influence on performance.

On the other hand, the ageing effect on solar cells is also needed to be considered apart from AR
coatings, and the effect of UV radiation plays a crucial role in ageing of the PV module. Guiheneuf et
al. conducted an accelerated ageing UV exposure test on commercial unencapsulated mono-Si solar
cells to determine the ageing effect on the functional properties of solar cells. After a UV exposure of
200 kWh/m?, the unencapsulated solar cells exhibited a significant performance degradation of -
11.23% in PCE [396]. Further, the reflectance in the 500-900 nm range diminishes due to photo-
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oxidation of SiNx AR coating. Ageing effect can also be investigated on already installed panels as
they would yield a perfect practical observation. One such study was performed by Bouraiou et al.
to investigate the various defects that occurred in crystalline Si solar cells under real operating
conditions in Algeria. The team analyzed 608 PV modules and categorized the degradation into
several modes such as delamination, discoloration of the encapsulant, corrosion, cracks, deterioration
of AR coatings, and soiling [397]. Also, the electrical characteristics are tested for some modules to
correlate the degradation effect with the performance of the cell. Vicente et al. analyzed the durability
of silica film’s performance deposited on borosilicate glass and have observed a 1.5% decrease in the
solar transmittance after testing for 1900 h in a weathering chamber [398].

10. Discussion

A brief review of antireflection coatings is covered in this work from various aspects that include
structures, fabrication techniques, materials, and the influence on their optical performance and
photovoltaic efficiency enhancement. Also, the importance of the light-trapping technique is
perceived. In this section, the development of antireflection coating on the basis of structure, material,
optical performance, multifunctionality, stability, and cost-effectiveness is discussed to get a big
picture of the gravity of this field in photovoltaics.

On the basis of structures, the ARCs range from thin films to nanoporous structures. The thin
film ARCs follow the destructive interference principle, whereas porous structures indulge with an
index matching approach. Regarding thin-film ARCs, a single layer film suppresses the reflection at
target wavelength, and it remains effective only in a narrow range. Double layer thin film ARC is
proven to be effective in quite a wide range, and low reflectance can be obtained whereas the
multilayer ARC preferably yields a broadband antireflective property. Double layers made of a single
material with a different packing density or DLARC made of a different combination of materials is
reported with a variety of properties, mainly when different material is used. When incorporating
DLARC or multilayer ARCs, material selection and the process for tuning the RI is crucial in
modifying the properties of the resulting ARCs. On the other hand, we have ARCs with a
nanostructured surface that have gained significant attention in the last decade, including biomimetic
structures. These structures have a gradually changing refractive index from air to substrate (GRIN
structure), and numerous GRIN structures have been reported, such as nanovoid, nanopillar,
nanowire, nanorod, nanotips, and nanopyramid. Here, each structure possesses certain advantages
in influencing optical performance. Further, texturization on the surface of substrates or ARCs also
proven to be effective in trapping the light, and the well-known pyramidal structure texturization is
reported to have remarkable optical characteristics. Some novel studies also outlined different
methods for achieving index matching ARCs by stacking layers of nanostructures with a varying
hollowness in each layer. Such research is well encouraged as it simplifies the fabrication process.

From the material aspect, AR coatings have been researched and developed in a several class of
materials such as Si-based (Silicon, Silica, SiNx), metal-based (Au, Ag), metal oxide (TiOz, ZnO, ITO),
metal fluorides and sulphides (MgF2, ZnS), polymer-based (Polystyrene, PMMA, PET, PDMS), and
advanced materials including carbon nanotubes and graphite. Apart from these, composite materials
constituting double layer, multiple layer ARCs have been developed. It is seen that silica, titanium
dioxide, and Zinc oxide are the widely researched materials for antireflection coatings, as many
studies related to it have been found. Further, each material has some inherent qualities that might
lead to multifunctional AR coatings. For example, TiO2 enhances the photocatalytic activity, SiNx
improves passivation property, Silica is naturally mechanically robust when tightly packed, most
MgF: coatings support hydrophobic characteristics, and so on. The fabrication technique is the key
for controlling the structural parameters that influence the material to exhibit its inherent properties
to give a maximum desired benefit.

On the basis of optical properties, three parameters are of utmost importance, which are
refractive index, transmittance or reflectance, and the wavelength range, upon which the whole
review information is gathered. These parameters would describe the prime performance of an ARC
and its light trapping ability. A transmittance of more than 90% and reflectance less than 10% is
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achieved in most of our reviewed work. But a perfect ARC would exhibit its antireflective property
inbroadband wavelength range covering the visible region entirely and partially in UV or IR portions
of the spectrum and possesses omnidirectional antireflectivity. When considering the work reviewed,
about 40% of them possess broadband antireflection characteristics, and only a few possess
omnidirectional antireflectivity. On further analysis, it is inferred that metal-based antireflection
coatings demonstrate a greater number of reported broadband antireflectivity while some silicon-
based materials also impart this property. The optical properties are influenced by the structural
arrangement, density of the medium, period between structures in case of textured coatings, and all
these factors indirectly depend on the flexibility of fabrication methodology used.

Multifunctional antireflective coatings are of great interest and are much-needed. Currently
available multifunctional coatings include self-cleaning coatings (hydrophobic coatings), photoactive
superhydrophilic coatings, transparent conductive coatings, and antimicrobial coatings. The
multifunctional behavior is mainly attributed to the material inherent properties, and secondly,
structural characteristics also have an impact to some extent. In our study, among multifunctional
coatings, the hydrophobic characteristic are commonly reported. A detailed review of
multifunctional coatings is provided in the referred study [35].

Though an AR coating possesses good optical properties, its degradation of performance with
ageing is an important parameter to be considered. Such performance degradation analysis is carried
out only in a few studies. A separate section of ageing effects on ARC and PV is discussed in our
study, where the commonly used methods for predicting the performance degradation intensity and
its impact on the performance of PV is provided. The stability of coatings with the substrate and with
various environmental conditions, durability are all some essential characteristics that can be
determined from the coatings resistive nature to temperature, moisture, UV exposure, and chemicals.
Certain sophisticated experiments need to be performed to predict these parameters, and this will
create a positive impact on the further development of antireflection coatings. Regarding the cost
analysis, coating material and fabrication methodology shares the role. There is no point in
manufacturing an ARC that has suitable properties and being expensive. While AR coatings have
already been fabricated in low-cost methodologies, as reported in many studies, preparing the high-
performance coating in a cost-effective approach can gain immense attention in the field of
photovoltaics.

The prime objective of this work is to review the various strategies proposed and researched to
enhance the photon'’s availability for photovoltaic conversion. Moreover, it is necessary to provide a
comparison for the reviewed ARCs to understand the current status of research and development.
Since vast information is collected and processed, we decided to present a table that will provide a
comparison between various antireflection coatings in reference to perfect AR coatings
characteristics. Out of all reviewed AR coatings, only high-performance ARC from each table is
selected and presented in Table 9. The AR coatings that have either a transmittance higher than 95%
or reflectance lesser than 5% are first chosen and are further sorted with an additional parameter of
its effective wavelength range difference having more than 600 nm (preferably more than the visible
range). From the table, we can infer that the many ARCs made of silica nanoparticles exhibit excellent
optical performance in a broad wavelength range. A particular study [115] reports to have a
broadband transmittance of about 99.04% (in 380-1600 nm) which is astonishing. In addition, several
other studies indicates more than 97% transmittance. Besides, stability and durability tests of
particular silica coating [106] show its mechanical robustness and longevity for such coatings. Even
cheap and straightforward fabrication methods for obtaining silica ARCs are reported in many
research works. Hence, high-performance silica nanoparticles fabricated in a cost-effective approach
proving the stability and durability of the coatings have immense potential to act as a valid AR
coating in commercially available PV devices. Apart from silica, TiO2 material is another potential
candidate which can impart photocatalytic properties to the AR coatings. Such coatings are highly
suitable for thin-film solar cells, multijunction solar cells, dye-sensitized solar cells, and emerging
transparent photovoltaics. Polymer coatings, though possessing excellent optical performance, it
needs more research in terms of achieving broadband antireflectivity with simple fabrication
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techniques, stability, and durability. We authors suggest the researchers to consider the performance
degradation due to ageing of ARCs, which is the lagging information in most research that would
benefit a lot in determining the suitable ARC application.
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Table 9. Comparison of various high-performance coatings with respect to perfect AR coating characteristics.
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11. Challenges, Prospects, and Conclusions

Antireflection coatings are indispensable in the PV applications, and their performance is
consistently improvising over the course of time, thanks to all the researcher’s continuous efforts. The
prime function of ARC is to reduce the reflectance over a broad spectrum with Omni-directional anti-
reflectivity by using different materials, structures, and topography. Though many types of
researches have contributed to achieving these results, an ARC with all prime functions is rare, and
further, it raises the question of stability, reliability with PV over the course of time. Currently, ARCs
demonstrating very low reflectance or high transmittance are not effective for a broadband range and
even, if it is effective in some instances, it is limited to its narrow range of incident angle. Thus,
researches focusing on tuning the defining characters of ARCs to achieve an optimized coating that
remains effective in all conditions is much needed. Moreover, the working environment is different,
which demands additional research. Modeling, simulation, and analysis are promising approaches
in determining the basic optical parameters, such as refractive index and reflectivity for a different
combination of materials, and the subsequent experimental verification would be useful in real-world
applications.

The performance of the PV cells diminishes with the accumulation of dust, moisture, and
microbes. That is where the emergence of ARCs having multiple functions developed in recent years.
Thus, the interest in developing hybrid coatings is widening, which serves as an antireflection
coating, self-cleaning coatings and as an encapsulant in commercially viable crystalline Si solar
modules that would account for a substantial improvement in PV sector. Certain studies have also
reported a self-cleaning ARC exhibiting excellent stability, resistant to harsh environmental
conditions, with good mechanical properties along with high transmission at broadband
wavelengths. However, there still exists a considerable gap between durability and affordability. Kim
et al. developed a nanoimprinted polymer films showing a multifunctional behavior such as
antimicrobial, antireflective, and antiadhesion properties [5]. This opens up a pioneering application
in medical fields, and many such types of researches are required to prove its viability. Researches
focusing on the longevity of the coating’s performance is much appreciated.

A novel study by Druffel et al. [399] on ceramic thin-films and polymer nanocomposites
reported that the ceramic thin-films are prone to brittle fracture. On the other hand, the material
having the ductile nature of failure tend to possess durability, but to go in hand with the whole
lifespan of the PV cell with consistent performance is still a question to answer. Usually, owing to the
difference in thermal coefficients of different materials, the residual stress might build up between
the substrate and the coating. For instance, if the coating material has low thermal expansion than
that of substrate material, the substrate expands more than the coating and due to which the substrate
experiences a higher contraction while the coating is under tension. This results in the bending of the
overall configuration. On the contrary, if the coating material has higher thermal expansion than that
of substrate material, the coating experiences a higher contraction, whereas the substrate is under
tension, which also results in bending but in the opposite direction. Recent trends in ARC also focuses
on low-emissivity characteristics of the coatings. This analysis could contribute to a certain extent to
decrease the heat transferred to the solar cells from the surroundings is and also useful in applications
such as windows for radiation thermometry, sensing, and so on.

From material aspects, after the emergence of a wonder material, graphene, world-wide
researchers have contributed much effort in exploring an effective production methodology and its
application. It is also best suited for the PV sector in numerous ways, such a transparent electrode,
antireflection coating, and many others. The graphene layer possesses highly efficient optical
absorption properties over a broad wavelength ranging from mid-infrared (IR) to ultraviolet (UV)
spectrum [251], achieving super broadband antireflection with a light absorption efficiency as high
as 99%. The prominent antireflective coating materials such as SiOz, TiO2, SiNx:H, ZnO, MgF», and
their composites have well studied, and their implication on suitable PV applications is yet to explore.
Polymers, on the other hand, prove to be a better ARC, but other perspectives dealing with low-cost
fabrication methods, stability on PV analysis, and efficiency enhancement remain to be investigated.
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Also, polymer material like Norland optical adhesive 63 (NOA63) and some more UV-curable
polymers are widely employed as ARCs to improve the light propagation in many optical devices
that have the potential to be extended to the PV field [400-402].

The ARC also plays a crucial role in the new generation of organic solar cell technology. A study
reveals that an organic solar cell having a structure of glass/ITO/PEDOT is reported to exhibit
reduced reflection with an additional coating of moth’s eye based nanostructured arrays, and also,
the coating enhances the PCE of the solar cell by 2.5%-3% [403]. Emerging PV technologies such as
transparent solar cells, flexible solar cells, and dye-sensitized solar cells also require AR coatings of
desirable properties. For instance, for flexible solar cells, the AR coating should have flexible
properties apart from its fundamental optical properties to suit the application. Further, many novel
photovoltaic technologies have been researched and developed, such as bifacial solar photovoltaics
[404], where the role of AR coating is of utmost importance.

The desired properties of the AR coating is obtained from the nature of the material and the
structure of the coating. The development of bioinspired and biomimetic ARCs would help us to
fabricate increasingly more advanced biomimetic functional materials that have the potential for
widespread applications. The moth-eye structure has gained attention among scholars, and many
pioneering structures are produced and researched. Further, porous structures and textured surfaces
still have a space to improve in terms of fabrication in large-scale, cost-effective techniques. The
feasibility of an antireflection coating relies on its unique properties and manufacturing methods.
Designing the fabrication technique in which the operating parameters can be precisely controlled is
a significant factor that impacts the topography of ARCs, and the research in optimizing the
fabricating process is also encouraged.

An essential aspect of ARC is its influence on efficiency enhancement. Though the reflectivity is
reduced, it is desirable to know its effect on efficiency enhancement in various types of PV cells. This
data can help us to identify the most suitable AR coating for a different class of PV devices in a more
effective way. The implementation of light trapping techniques in the PV device will significantly
enhance its performance. The applications of plasmonics in the PV sector are very prospective, and
it does have the potential for downsizing the solar cell and ultimately reducing the cost. The spectral
modification techniques, such as down-conversion and up-conversion methods are emerging.
Although the down-conversion technique has reported having an impact on the PCE of the solar cell,
the up-conversion techniques lag behind, which should be backed up with innovations. Further,
some innovative light-trapping structures have proved their potential in maximizing the absorption
approaching or even conquering the Yablonovitch limit. Imagine the effect of combining all these
light trapping techniques in a single device, and that would be astonishing. Indeed, there are some
reports that utilized these techniques along with antireflective coatings. Further, the development
and refining of these techniques in the field of PV is a desideratum.

In general, antireflective coatings are used in a wide range of optical and optoelectronic
applications, including eyeglasses, mirrors, lenses, laser applications, automobile anti-glare glasses,
diodes, cameras, photovoltaics, window glasses, and almost in every day to day applications. Also,
in-depth research analysis in antireflection coatings is carried out in areas such as electrochromism
[405,406] and thermochromism [407] apart from photovoltaic fields. Therefore, new developments
create enormous opportunities for customizing ARCs to suit particular applications with cutting edge
technology and product improvisation.

To conclude, nature and science have guided us to achieve what we know now. The anti-
reflective coating (ARC) is an essential technology with innovations rolling over it, opening up a
broad field of applications. As of now, the primary functions of antireflection (AR) coatings have
been fully utilized, and further additional functions of the coating are being imparted and researched.
The growing technology and state-of-art fabrication techniques would support us in researching
more about AR structures and surfaces and their impact on photovoltaics (PVs). Natural structures
are unique, and their replication has shown promising results, yet the production of such structures
isn’t easier or cost-effective. Moreover, various materials are found to be suitable for antireflection
coatings, and advanced materials are still emerging. So, further analysis of such ARCs from a PV
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perspective is needed. This review provides some valuable insight into the current trends of ARC
and its evolution from the past. Furthermore, research addressing the current challenges in ARC
applications (as presented above) should be guided towards commercialization.

Author Contributions: Conceptualization, R.P., RM.E. and N.S.; Data curation, R.P.; Formal analysis, R.P.,
R.M.E. and N.S.; Methodology, R.P. and R.M.E.; Visualization, R.P.; Comprehensive analysis, R.P. and RM.E,;
Writing—Original draft preparation, R.P, RM.E and N.S.; Supervision, RM.E.; Review validation, RM.E.;
Editing, R.P and R M.E,; Reviewing, RM.E., N.S,, N.D. and P.K,; Funding acquisition (towards APC), RM.E and
N.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research activity received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature
ARC Antireflection coatings SiO2 Silica or Silicon dioxide
PV Photovoltaics SiNWs Silicon Nanowires
PCE Power conversion efficiency PSi Porous Silicon
GRIN Gradient refractive index TiO2 Titanium Oxide
SWS Subwavelength structure ZnO Zinc oxide
RI Refractive index MgF> Magnesium fluoride
s Index of refraction of the substrate ITO Indium Tin oxide
A Wavelength of the light FTO Fluorine doped tin oxide
AGC Antiglare coatings Ta20s Tantalum Pentoxide
SLARC Single layer antireflection coating PS Polystyrene
DLARC Double layer antireflection coating PMMA Poly (methyl methacrylate)
QLARC Quadruple-layer ARC PDMS Polydimethylsiloxane
CBD Chemical bath deposition PET Polyethylene terephthalate
CvD Chemical vapor deposition CNT Carbon nano-tubes
PECVD Plasma-enhanced chemical vapor deposition SWCNT Single-walled carbon
nanotube
RF- Radio frequency Plasma-enhanced chemical Multi-walled carbon
.\ MWCNT
PECVD vapor deposition nanotube
APCVD Atmospheric pressure chemical vapor deposition  ¢-Si Crystalline Silicon
NIL Nanoimprint Lithography CPV Concentrated Photovoltaics
FIBL Focused ion-beam Lithography DSSC dye-sensitized solar cells
RIE Reactive ion etching GaAs Gallium Arsenide
LPD Liquid phase deposition CIGS Copper indium gallium
selenide
WCA Water contact angle PSC Perovskite solar cells
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